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Problem Description

The thesis is to focus on direct driven permanent magnet synchronous generators (PMSG) with
diode rectifiers for use in offshore wind turbines. Reactive compensation of the generator, power
losses and control of the generator are to be studied. Configurations for power transmission to
onshore point of common connection should also be considered. Costs, power losses, reliability
and interface with the PMSG are to be discussed.

The purpose of the laboratory tests and simulations are to learn how a PMSG with diode rectifier
behaves. A 55kW PMSG is to be tested in “Vindlabben”, with and without reactive compensation.
The generator current and generator voltage should be measured and the total harmonic
distribution (THD) of the current and the voltage are to be calculated. The results must be
compared to simulations on an equal generator in PSCAD/EMTDC. A 2MW PMSG is also to be
simulated to compare parallel and series compensation and to find how the generator efficiency
varies with the wind speed. The generator is also to be simulated with constant DC-link voltage
and varying local wind to find how much the turbine and generator efficiency decreases when a
Cluster step-up configuration is used. The DC-Llink voltage is in this case equal for parts of the
wind farm or the whole wind farms. A 3MW ironless PMSG with very low synchronous reactance
should finally be simulated to find how this generator behaves with a diode rectifier.

Assignment given: 15. January 2007
Supervisor: Tore Marvin Undeland, ELKRAFT






Abstract

This work is focused on direct-driven permanent magnets synchronous generators
(PMSG) with diode rectifiers for use in offshore wind turbines. Reactive compensation
of the generator, power losses and control of the generator are studied. Configurations
for power transmission to onshore point of common connection are also considered.
Costs, power losses, reliability and interface with the PMSG are discussed.

The purpose of the laboratory tests and simulations are to learn how a PMSG with
diode rectifier behaves. A 55kW PMSG is tested in “Vindlabben”, with and without
reactive compensation. The generator current and generator voltage are measured and
the total harmonic distribution (THD) of the current and the voltage are calculated. The
results are compared to simulations on an equal generator in PSCAD/EMTDC. A 2MW
PMSG is also simulated to compare parallel and series compensation and to find how
the generator efficiency varies with the wind speed. The generator is also simulated
with constant DC-link voltage and varying local wind to find how much the turbine
and generator efficiency decreases when a Cluster step-up configuration is used. The
DC-link voltage is in this case equal for parts of the wind farm or the whole wind farms.
A 3MW ironless PMSG with very low synchronous reactance is simulated to find how
this generator behaves with a diode rectifier.

The laboratory tests and PSCAD simulations show that the maximal generator
power increases when reactive compensation of the generator is used. The measured
and simulated generator voltage and current shapes are found to be approximately
equal. Series compensated PMSGs have lower generator current rms and lower current
THD than parallel compensated PMSGs when the synchronous reactance is large.
Therefore, the generator losses are 2 — 15% lower and the diode rectifier losses are
0 — 1% lower, depending on the wind speed. The diode rectifier losses are lower than
1%. The losses can be reduced even more if the diodes are connected in parallel. If a
Cluster step-up configuration is used, the turbine efficiency is reduced by 3 — 4%.

The ironless PMSG has a low synchronous reactance and reactive compensation
is not needed because the reactive power produced by the generator is low. Parallel
connected capacitors have no positive effect and series connected capacitances must
be very large and can therefore not be used. The generator current THD is very large
when no reactive compensation is used. However, the current THD can be reduced by
connecting an inductance to the DC-link.

Cluster step-up, two-step DC/DC system, turbine step-up and series connected
wind turbine are the most relevant layouts of the wind farms transmission system
discussed in this thesis. The cluster step-up system has low power losses since only
one large DC/DC converter is used. Also, the power equipment in the turbine is very
reliable. However, the turbine efficiency is reduced since the generator torque and
generator speed could not be controlled for one specific turbine. The other transmission
systems require DC/DC converters in the turbines and they are therefore probably not
as reliable. The total cost is crucial for the chose of the transmission system. Further
cost accountings for the different DC systems are needed.
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1 Introduction

Floating wind turbines are an exciting area of research with lot of challenges. Some
of these challenges are considered in this report. The thesis focuses on configurations
for power transmission from the turbine generator to onshore. Most attention is given
to the generator diode rectifier and how this rectifier affects the permanent magnet
synchronous generator and the generator losses. The reliability of the turbines will be
much better if a diode rectifier is used instead of an IGBT rectifier. Different offshore
grid configurations are also considered compared, both AC and DC. The aim has been
to find a simple, inexpensive, reliably and low losses transmission system which is fitted
for the PMSG with diode rectifier.

Essential theory is present in Chapter 2 to 5. Transmission systems for large offshore
wind farms will be reviewed in Chapter 2 to get overall view of the system. Different
ways of integrating the turbine generators in the transmission system is present.
Chapter 3 presents the permanent magnet synchronous generator, how the generator
is modelled and how the generator losses are calculated. The PMSG with diode rectifier
and reactive compensation of the generator are examined in Chapter 4. At last, the
different control system of the generator is present in Chapter 5.

Chapters 6 to 9 present the results of the laboratory work and the simulations in
PSCAD/EMTDC. Some results are discussed in this chapter. The modelling of the
turbine, PMSG, diode rectifier and controllers in PSCAD is explained in Chapter 6.
Turbine, generator and diode rectifier data is also found in this Chapter.

The laboratory work on the 55kW PMSG is present in Chapter 7. The generator
is also simulated in PSCAD/EMTDC and the results are compared to the laboratory
measurements. The simulations are performed with parallel reactive compensation of
the generator, series compensation and no compensation while the generator is tested
with parallel compensation and without reactive compensation.

In Chapter 8 simulations of a 2MW turbine is presents. Series reactive compensation
is compared to parallel reactive compensation to find what methods which are best
titted for wind turbines. The generator system is also simulated with constant DC-link
voltage to find how much the turbine and generator efficiency decrease if a cluster step-
up configuration is used.

Simulations of a 3MW ironless PMSG is present in Chapter 9. The ironless generators
have a lower synchronous reactance and the simulations are performed to se how this
affects the use of diode rectifier.

General discussions are presents in Chapter 10. The chapter also summarize the
thesis and draws general conclusions. MatLab-code, some PSCAD-files and some
calculations performed in Excel are found on the CD attached to the report. The PSCAS-
tiles and the Excel-files are not user-friendly, but could be a help for people who want
to continue my work. The files are sorted by the chapter they are presented in.
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2 Grid connection of large offshore wind farms

In this section, different layouts for large offshore grid connections are discussed.
Economic and energy efficiency of commercial solutions used today and alternative
solutions are considered. In [27] and [28], layouts of various large-scale wind farms,
using both HVAC as well as HVDC, are investigated. The criteria in this investigation
is the energy production cost, which is defined as the total investment cost divided by
the total energy production of the wind farm.

2.1 High voltage DC (HVDC)

HVDC transmission may be the only feasible option for connection of a wind farm
if the distance exceeds 100-150 km. HVDC transmission offers many advantages for
integration of large offshore wind farms:

e The power follow is fully defined and controlled.

Faults on one AC network will not directly affect the AC voltage on the other
networks because the networks are decoupled by the asynchronous connection.

There is no technical limit on the transmission distance with a DC cable, as it is for
AC cables.

A pair of DC cable can carry up to 1600 MW.

The cable power loss is lower than an equivalent AC cable [15]

It is often difficult to find suitable grid connection point. If HVDC is used, the power
could be directed to a stronger grid connection point with minimal increase in cost
and transmission losses. It might also be necessary to use DC-cables for the onshore
transmission, because it could be difficult to get permission to build new over-head
lines. [27]

2.1.1 Voltage source converter (VSC)

There are two main HVDC transmission technologies: voltage source converter (VSC)
using IGBTs and line-commutated converter HVDC (LCC) using thyristors.

VSC is self-commutating and it does not require an external voltage source for its
operation. The reactive power can be controlled by the power converters and it is
independent of the active power control. Power can be transported to the wind farm
when necessary and the AC voltages on both sides can be controlled. No AC harmonic
filters for reactive power control are needed. However, VSC transmission does have
higher power loss compared with a LCC HVDC system. Typically, the total losses at
full load for the two converters are about 3.5% for VSC and 1.5% for LCC HVDC. [15]
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Figure 1 shows the single-line diagram for a VSC transmission system with DFIG
generators. A three-level neutral point clamped converter is used instead of a two-level
converter, resulting in lower power losses. [15]

Offshore Wind
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= Station 1667 A Station
X ——  ——
— 145 kV | 3
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Figure 1: Single-line diagram of wind farm connection using VSC transmission. [15]

The advantages of HVDC VSC solutions are based on its capability to supply and
absorb reactive power and to support power system stability. The disadvantage is that
ground faults can be problematic. Main components of the transmission system based
on VSC devices are; VSC converter station circuit breaker, system side harmonic filter,
interface transformer, converter side harmonic filter, VSC unit, VSC DC capacitor, DC
harmonic filter, DC reactor, DC cable or overhead transmission line and auxiliary power
set. [18]

2.1.2 Line-commutated converter HVDC (LCC HVDCQC)

Line Commutated Converter (LCC) based transmission systems with thyristors have
been successfully installed all over the world. LCC HVDC can be used for higher power
levels than VSC. Power levels up to 1600 MW are available pr 2005. However, a LCC
HVDC converter station occupies twice the area of a VSC transmission station. It is
also necessary to provide a commutation voltage in order for the offshore LCC HVDC
converter to work properly. Another draw back of this transmission solution is the
required reactive power to the thyristor valves in the converter and the generation of
harmonics. Filters and switchgear is therefore needed. Alternatively,a STATCOM could
be used. This technology is very large in physical size, and the transistor technology is
also more attractive due to the better controllability of the reactive power. [15] [18]

Main components of the transmission system base on LCC devices are; AC and DC
filters, converter transformer, converter based on thyristor valves, smoothing reactor,
capacitor banks or STATCOM, DC cable and return path, auxiliary power set and
protection and control devises. [18]
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2.2 Wind farm layouts

In this section different DC wind farm layouts are considered

2.2.1 Series connected wind turbines

AC

Vituck

Figure 2: The layout of series-connected wind turbines with a DC output voltage [28]

Figure 2 shows a general layout of a wind farm with series connected wind turbines.
There are two major advantages with this solution: no offshore platform is used and
high voltage DC is used to bring the energy to shore. The transformers will be smaller
and thus possibly cheaper compared to the systems of today, while the cost for the
higher isolation at the output of the turbines will be higher. The total cost of the electrical
system will probably be lower for the proposed system, according to [28]. For a 160 MW
wind farm located at 55 km from a suitable grid connection point, this solution shows a
potential of 8% cost reduction. [28]

The benefit of this system is that it, in spite of a relatively large possible size,
does not require large DC-transformers and offshore platforms. The drawback with
this configuration is that the DC/DC converters in the wind turbines must have the
capability to operate towards a very high voltage.

A system with series connected wind turbines and synchronous generators do
not need traditional components, such as gear boxes and local wind turbine 50 Hz
transformers, which are related to major problems. There are fewer problems related
to power electronics. If a diode rectifier is used instead of an IGBT rectifier to rectify the
power from the generator, the power electronics will be even more reliable. [28]

2.2.2 Small DC wind farm

Figure 3 shows the electrical system for a small DC wind farm. The electrical system
is identical to the system of the small AC wind farm. The only difference is that the
transformer in the wind farm grid interface is replaced with a DC transformer and an
inverter. Also, a rectifier is needed for each wind turbine, but no offshore platform is
needed.
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Figure 3: DC electrical system with series connected wind turbines [27]

2.2.3 Two-step DC/DC-converter system

In general, the DC-grid consists of several clusters, which are connected either in
parallel or in series. Since the difference between the output power of each turbine
and the total power transferred to the shore is huge, several voltage steps are preferred.
Otherwise, either the generators must be designed for extremely high voltages or the
transmission losses are increased significantly. A DC/DC converter could be used for
stepping up the voltage. [6]

e

@@; ®

Figure 4: Schematic scheme for a two step-up configuration [6]

The voltage step up can be done in different places. Figure 4 shows the schematic
scheme for a two step-up configuration. It uses two DC/DC-converter system, one
system is stepping up the voltage after each turbine, up to a medium-voltage level. The
power from many turbines is collected and the voltage is stepped up to the transmission
level. An advantage of this system is the direct step-up of the voltage after the turbine
which leads to reduced cable losses at the distribution level. The DC-link voltage at
each turbine could also be controlled individually. However, the additional DC/DC-
converter leads to extra losses and investment cost. [6]

6
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Figure 5: Schematic scheme for a Closter step-up configuration [6]

2.2.4 Cluster step-up

The second system is called a one Cluster step-up system and is shown in Figure 5.
The DC-power from the generators is collected on an offshore platform and afterwards
a large converter system is stepping up the voltage to the transmission level. The
advantage of this system is that the number of converters is minimized and that a large
converter has a higher efficiency. Since only two voltage levels are used, the distribution
level strongly depends on the generator voltage, which today is limited to 5 kV line-to-
line. [6] This system has a disadvantage if a variable speed PMSG with diode rectifier is
used because the DC-link voltage could not be regulated individually for each turbine.
Therefore the DC-link voltage will be the same for all turbines and the turbine rotation
speed will not be ideal. The power will vary some with the turbine rotation speed.
If the wind speed is more or less equal for the whole Cluster-area, this will not be a
large problem. The DC-link voltage could in this case be regulated in such way that the
turbines keep the optimal rotation speed for the average wind speed of all turbines.

2.2.5 Turbine step-up

L

s

1

®...@ @

Figure 6: Schematic scheme for a Turbine step-up configuration [6]
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The last system, the turbine step-up system shown in Figure 6, has DC/DC
converters connected directly to each turbine. Only two voltage levels are used and
the distribution level is reduced because of the high voltage. No offshore platforms are
required. However, the DC/DC converter has to be designed for a low power level,
which could reduce the efficiency of the converter. [6]

2.2.6 Energy losses for the step-up configurations

DC/DC-losses cluster step up
I DC/DC-losses turbing step up
Il OC/DC-losses Two step ups

=

Power Losses (p.u.)
e

ra

] —

200
DC-Link voltage (kV)

Figure 7: Power losses for different configurations of the DC-grid [6]

Figure 7 shows the losses of these three configurations for different DC-voltage
levels. The wind farm size is 500 MW, the losses for the DC/DC converters were
calculated analytically in [6] by using values from datasheets for the semiconductors
and an additional loss model was used to find the transformer losses. The difference in
losses does not vary significantly when the DC-link voltage changes. The figure shows
that the Cluster step-up solution has the lowest losses. However, as seen, there are some
disadvantages when this configuration is used in a variable speed PMSG application
with diode rectifier. The Turbine step-up solution is the next best solution, but the losses
are over twice as big as for the Cluster step-up solution. [6]

The main reason why the Cluster step-up solution has the lowest losses is that the
distances are quit short within the wind farm. Therefore, it is not necessary to have
a large internal DC voltage. Since a large converter has a higher efficiency, the power
should be collected before the voltage is raised. The high output voltage of the turbine
step-up solution and the low power level result in large losses for this solution. The

8
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two-step-up solution has even more losses due to the use of two DC/DC-converters,
one of them with low power level. [6]
2.2.7 System efficiency of two step DC/DC wind farm

System efficiency of a two step DC/DC wind farm layout is investigated in [14]. Three
different converters have been compared; the fullbridge converter with phase shift
control (FB), the single active bridge converter (SAB) and the series parallel resonant
converter (LCC). [14]

SRR
L, -< L +
Vg @ Co=F j E ® Cioas == Rioas I:I Vigad

" g

Ve © cn=F i : 5
J_SZJ ; Dz S“J ; D4 % D6 % DS

Figure 9: Typology for the single active bridge converter [14]

Rigaa | -

The typology of the fullbridge converter using phase shift control is shown in Figure
8. This converter has a significantly lowered performance when handling variations in
the voltage and power. The output is current-stiff. A single active bridge converter in
Figure 9 looks similar to the fullbridge converter. However, the control is different the
output filter creates a voltage-stiff output. The series parallel resonant converter, shown
in Figure 10, has lower switching losses because it switches at zero current and/or zero
voltage. This is why this type of converter often has the lowest power loss. [14]

Two different control strategies are evaluated. In the first strategy (1) the DC/DC
converter in the wind turbines handles all voltage variations. The input voltage of the
first converter is 2-5 kV while the output voltage is 15 kV. In the second strategy (2) the

9
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Figure 10: Typology for the series parallel resonant converter [14]

DC/DC converters in the wind turbines only handle the variations between the wind
turbines in the same group and the group DC/DC converter handles the variations
between the groups. The input voltage of the first converter is 2-5 kV while the output
voltage is 6-15 kV. [14]

Control 54 m/s 7.2 m/s 10 m/s

1 FB 274 kW, 33 % 401 kKW, 42 % 550 kW, 3.8 %
2 FB 178 kW, 335 % 304 kKW, 32 % 449 kW, 3.1 %
1 SAB 503 kW, 98 % 776 kKW, 82% 1051 kW, 7.2 %
2 SAB 534 kW, 104 % 915 kW, 97% 1331 kW, 92 %
1 LCC 123 kW, 24 %  214kW, 22% JI8 KW, 22%
21LCC 143 kKW, 28 % 256 kW, 2.7% 385 KW, 2.6%
Power 5.1 MW 9.5 MW 14.5 MW

Table 1: Average losses for the two control strategies and the three types of converters
at different wind speeds [14]

Table 1 shows the average losses for the two different control strategies and for the
three different converters. It becomes obvious that the power loss is less with the series
parallel resonant converter. The first control strategy with constant output voltage of the
first converter has the lowest total converter losses, 2.4%. The loss of the second control
strategy is 2.8%. The solution with constant transformation on the second converter is
therefore preferable. [14]

10
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2.3 High voltage AC (HVAC)

According to [15], HVAC will be used for most wind farm application with a connection
length off less than 50-75 km because this is the simplest and most economic grid
connection method. If the connection distance exceeds 50 km, dynamic reactive power
compensation may be required when the HVAC solution is used. [15]

2.3.1 Components of the HVAC transmission solution

The voltage level within an offshore wind farm grid is typically in the range of 30-36
kV. Therefore a substation is necessary for a large wind farm, to step up the voltage for
the transmission to shore. A HVAC transmission system also needs; HVAC submarine
transmission cables, offshore transformers, compensation units like thyristor controlled
reactors (TCR) both offshore and onshore and, depending on the grid voltage, onshore
transformers. [18]

2.3.2 HVAC transmission losses

Table 2: Transmission losses of 500 MW wind farm with 9 m/s average wind speed (in

percent) [18]

Table 3: Transmission losses of 1000 MW wind farm with 9 m/s average wind speed (in

percent) [18]

% 500 MW
Cable length 132 KV:3 cables 220 KV:2 cables 400K V:l cable
50km 2,78 1,63 1,14
100 km 4,77 3,07 2.4
150 km 1,53 5,05 4,98
200 km 11,09 7,76 17,59

% 1000 MW
Cable length | 132 KV:5 cables 220 KV:4 cables 400 KV:2 cables
50 km 3,15 1,96 1,14
100 km 5,7 3,67 2,32
150 km 8,75 5,85 4,3
200 km 12,36 7.58 15,14

11
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Tables 2 and 3 show the transmission losses of wind farms with 9 m/s average wind
speed for respectively 500 MW and 1000 MW rated power. The loss is given in percents
of the annual wind farm production. As seen, the losses are lowest for the 400 kV
solutions in both cases as long as the cable length is below 150-200 km. For larger cable
lengths, the voltage level has to be reduced, as shown in Figure 14. This is explained in
Chapter 2.4.2. [18]

4% (On T)
4% (Co)

5% (OfT) O Cables (Ca)
B Offshore transformer (OfT)
O Compensators (Co)

m Onshore transformers (On T)

87% (Ca)

Figure 11: Participation of each transmission component in total transmission losses for
500 MW wind farm, 9 m/s of average wind speed, at 100 km transmission distance,
three three-core 132 kV submarine cables [12]

Figure 11 shows the share each transmission component contributes to the total
transmission losses for a 500 MW wind farm with a transmission distance of 100 km
using a 132 kV cable. As seen from the figure, the cable losses represent the highest
share of the total transmission losses. Thus, in order to decrease the total transmission
losses, special attention should be given to the cable selection. [18]

24 Comparison between HVAC and HVDC

Using conventional HVDC transmission offers many advantages to an AC connection.

e Transmission distance is not a technical limitation since the transmission distance
using HVDC is not affected by cable charging current [21] [20]

e Frequency at sending end can be variable and the sending and receiving end
frequencies are independent [21] [20]

e Offshore installation is isolated from mainland disturbances [21]
e Power flow is fully defined and controllable [21]

* Proven and reliable equipment [21]

12
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* Low cable power loss, due to no affects of cable charging current. [21]

* High power transmission capability for each cable. A pair of HVDC lines may
carry 1.7 times the power of a similar sized AC line. [21]

Many factors influence whether HVAC or HVDC should be used. Kirky suggests
in [20] that conventional HVDC will be the optimal solution when the distance
offshore is greater than approximately 100 km and the wind farm size is greater
than approximately 350 MW. HVDC could also be used when the connection into the
AC network is at a weak point or a significant length AC transmission line onshore
is needed to reach a suitable AC network connection point. The HVDC control of
power may also assist in recovery, limit the effect or even correct the instability after
different fault conditions. Therefore HVDC can be used where AC network studies and
simulation show unstable behaviour. [20]

The high cost of the associated AC-DC converter infrastructure, offshore platform
space and switching losses has generally limited the attractiveness of HVDC to very
large installation located a long distance offshore. [1] As wind farms become larger and
the distant from shore increases, the justification for using HVDC to transmit the power
to the onshore network becomes easier, particularly at power levels of 500 MW or more.
For larger wind farms, the cost of the converter stations and platforms per MW will
become less. Existing voltage sourced converter (VSC) transmission technology can not
offer an economical solution at this power level due to the high cost of the multiple
converters and cables that are required. [20]

2.4.1 Energy production cost of different wind farms

Lundberg has analysed the economics of different wind farm layouts in his Phd. Thesis.
Figure 12 shows the normalized energy production cost of the different 160 MW wind
farms as function of the transmission distance. As seen, the series DC solution is the
least expensive for all transmission length larger than 10 km. An increased investment
cost of 13% can be allowed for the series DC park before the production cost becomes
equal to the large AC park, according to [28].

The work done in [28] also shows that the energy production cost is strongly
dependent on the average wind speed. As an example, the energy production cost
at an average wind speed of 6.5m /s was twice as high as the cost for an average wind
speed of 10m/s. It was also found that the energy production cost decreases when the
power of the wind farm increases. [27] This is an important reason to build offshore
wind parks.

Figure 13 shows the cost of the AC and DC cables per km as a function of the rated
power. It can be noted that the DC cables are much cheaper than the AC cables for the
same rating.
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Figure 12: The normalized energy production cost of the different 160 MW wind farms
as function of the transmission distance and at an average wind speed of 10 m/s [28]
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Figure 13: Cost of AC and DC cables per km [27]
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Figure 14: Transmission capacity of different HVAC transmission cables for three
voltage levels, 132, 220 and 400 kV. [18]

2.4.2 Loss evaluation of HVAC and HVDC transmission solutions

In [18], losses for HVAC and HVDC transmission solutions for large offshore wind
farms are compared. If HVAC cables are used, the transmission distance would be
limited. A comparison of the transmission capacity of different cable operated at certain
voltage levels (132, 220 and 400 kV) and different compensation solutions (only onshore
or at both ends) is presented in Figure 14. The critical distance is achieved when half
of the reactive current produced by the cable reaches nominal current at the end of one
cable; 370 km, 281 km and 202 km for respectively 132 kV, 220 kV and 400 kV. [18]

500 MW, 9 m/s 1000 MW, 9 m/s
Length 2x250 2x500 | 600CS+ |500CS+ 2 x 600
Cable S00€S CcS 600Cs Cs 440CS 600 CS CS
50 km 1,77 1,81 175 1,69 1,60 1,66 1,6547
100 km 1,98 2,14 1.87 1,92 L7/ 1,84 1,7819
150 km 2,19 248 1,99 2,14 1,95 2,01 1,909
200 km 2,39 2,82 2,11 2,37 2,13 2,19 2,0362

Table 4: Transmission losses for different HVDC LCC converter station layouts with 9

m/s average wind speed (in percent) [18]

Three different HVDC LCC layout are considered for a 500 MW wind farm and four
for a 1000 MW wind farm in [18]. Loss model and assumptions are also given here.
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The transmission losses are given Table 4. When this table is compared to Tables 2 and
3 it becomes obvious that the transmission losses are much lower for a HVDC LCC
solution than a HVAC solution. The total HVDC losses are about one fourth of the
HVAC transmission losses for 200 km cable length. [18]

500 MW, 9 m/s, 100 km 500 MW, 9 m/s, 200 km

Cable 15, Cable

Csi

43%

CSs2 cs2
[CST M|
CS2 W
Cable [7]
1000 MW, 9 m/s, 100 km 1000 MW, 9 m/s, 200 km
Cable
Cable _—
25%
Csi
CS2 a7%
CSs2

Figure 15: Loss participation for the HVDC LCC system losses. [18]

Loss participation of each component in the system for some configurations is shown
in Figure 15. Converter stations are responsible for the highest share of the overall
system losses. The participation of the cable increases with cable lengths.

Figure 16 shows the conclusion; HVAC has lowest losses for transmission length less
than 55-70 km. The losses in this area depend mostly on the distance to the shore. For
larger transmission lengths, the HVDC LCC solution has the lowest losses. As seen from
the figure, the losses in this area also vary with the wind farm rated output power. The
tendency is that percent loss decrease when the size of the wind farm increase, but the
loss percent will also depend on the converter station layout. The HVDC VSC solution
has higher losses than the HVDC LCC solution for all power outputs, and are therefore
not shown in Figure 16. [18]

In [18], three different HVDC VSC layout are considered for a 500 MW wind farm
and two for a 1000 MW wind farm. Loss model and assumptions are given in [18]. The
transmission losses are given Table 5. When this table is compared to Table 4 it becomes
obvious that the transmission losses are over twice as high for the VSC solution than for
the HVDC LCC solution. Figure 17 shows that the converter stations contribute most to
the overall system losses and that the share of cable losses increases with length. [18]
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Figure 16: MW-km plane, comparison HVAC-HVDC LCC for different wind farm size
and different distances to shore [18]

500 MW, 9 m/s 1000 MW, 9 m/s
Length 350 + 2x350 3x350 2x 500
Cable 220CS CS e CS CS
50 km 4,05 421 443 4,02 4,0893
100 km 443 4,58 4,87 4,52 4,5597
150 km 4.82 494 5,31 5,02 50317
200 km 5,20 5,30 3,705 5,52 5,505

Table 5: Transmission losses for different converter station layouts with 9 m/s average
wind speed (in percent) [18]

17



2 GRID CONNECTION OF LARGE OFFSHORE WIND FARMS

Cable 18%

500 MW, 9 m/s, 100 km

1%

Cable

500 MW, 9 m/s, 200 km

30%

Cs1
Cs1
41%
Cs2 [CS1 M| CSs2 35%
Cs2 W
1000 MW, 9 m/s, 100 km Cable [ 1000 MW, 9 m/s, 200 km
Cable
Cable 239
30%
35%
39%
Cs1

Cs2

38%

Cs1

Cs2 35%

Figure 17: Loss participation for the HVDC VSC system losses. [18]

2.5 Design criteria for offshore installations

Offshore equipment is exposed to extreme weather, salt and moist air and should be
designed for these circumstances and the equipment must be located indoors or in
sealed enclosures. Equipment should be as compact as possible, to reduce the overall
size and weight and thereby the construction cost. Multistorey structure can be used.
It should also have high reliability and should be as simple as possible with long

maintenance intervals or preferably no maintenance at all. [20]

harmonic filter and switchgear size.

Some form of UPS, generator, battery or a combination of these is needed to ensure
power supply when there is no wind. Load should therefore be graded into essential
and non-essential. AC busbar voltage should also be as low as possible to reduce AC
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3 PMSG and generator losses

3.1 PMSG

A direct driven permanent magnet synchronous generator is lighter and more reliable
than the traditional solution with an asynchronous generator and a gear. The gear needs
maintains and is very heavy. Both weight and reliability are important for offshore
floating wind turbines. A light nacelle means less force on the tower. The tower and the
floating structure can therefore be made cheaper. Good reliability is important because
it is difficult and expensive to access the turbines.

Radial Axial
RN TE
D, ]
Active D,

material

——— aaeas sssss ssses s Center/Shaft

Figure 18: Comparison of the diameter of active material in radial and axial machines
[33]

There are generally three types of permanent magnet machines; radial, axial and
transversal flux machines. The radial flux machine (RFPM) is the classic type and the
most common. The rotor can have buried or surface mounted magnets and the both
the stator windings and tooth shape are quit similar to other AC-machines. The active
materials, such as copper, magnets, iron and sheet metal is the material converting the
mechanical energy to electrical. These are place along the air gap. In wind turbines
the generator diameter is large and thereby the layer with active material is pretty thin.
Since the radius is large, the torque will also be large. [33]

Axial flux machines (AFPM) is magnetized in the axial direction, as shown in Figure
18. Given the same outer diameter and the same force per area in the air gap, the AFPM
has a lower torque per volume of active material due to the fact that much of the force
is working in a smaller radius and thus producing less torque. However, the volume of
the machine can be reduced because the power density (W /m?) is higher. The AFPM
usually has a large diameter and a short length. The generator has a disc shaped design
and these discs can be connected in series. As for RFPM the rotor in an AFPM can be
made with surface mounted or buried magnets. [33]

The third machine is the most complex and least equal to classic machine design,
the transversal flux machine (TFPM). It can be single sided or double sided respectively

19



3 PMSG AND GENERATOR LOSSES

with one or two wound rings of copper with iron cores to lead the magnetic flux around
the copper. The permanent magnets can be either buried or surface mounted. The
machine has very high force and power density, and is therefore ideal for high torque,
low speed applications, such as wind turbines. To achieve this high power density, the
synchronous reactance becomes very high, which makes the converter expensive. The
TFPM itself can also be expensive due to the complex design and many parts. [33]

3.2 Modelling of a PMSG

The permanent magnet synchronous generator is modelled in a d-q-o reference frame
fixed to the rotor. Equation (1) and (2) are found in [9]. Equation (1) shows the stator
voltage equations and Equation (2) shows the flux linkage equations. The damping
windings are replaced with two equivalent windings D in direct and Q in quadrature
axis. Figure 19 shows the schematic model. The electromagnetic torque is given by
Equation (3). The simulink model is found in [9].

Figure 19: Schematic of the transformed model for PM synchronous machine in the
d-g-0 reference frame [9]

s

uy = Rl + T wnpy

ug = Rsip + d_tf] + wapy,

wj = Ry + 08 1)
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ll)lsj = Ldllfi + MfIf + Mpip
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Po = Lpig + Mg
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The model takes into account the iron losses as well as the parameters” variation
with the operating temperature. The temperature depends on the rotor speed [9]

3.3 Harmonics and losses in the generator

The total harmonic distortion (THD) describes the content of harmonics in a voltage or
current waveform. A low THD means the first harmonic is dominating and the content
of higher harmonics is low. This is normally preferred since only the first harmonic is
contributing to power production, while higher harmonics causes losses. The THD in
the current is define in Equation (4). I is the first harmonic of the current and I, is the
ht" harmonic of the current. [22]

THD—; = |} (Ipla)? (4)
h#1

Harmonic currents in the stator cause losses in the generator. Basically the total
power losses generated in the permanent machine can be divided into two groups;
copper losses and core losses. The copper losses (Pc;) are produced in the stator winding
and depend on the RMS current. This is shown in Equation (5). I, is the RMS value of
the i harmonic component of the current I, and R, is the stator equivalent resistance.
When the current level increases, the temperature increases and so the stator resistance
R,. This effect is not included in the calculations. [26]

o0
Pcy =3R4 [ Y 12 ®)
i=1

Equations (4) and (5) show that the copper power losses are proportional to 1 +
THD. If a diode rectifier is used to rectify the voltage from a permanent magnet
synchronous generator, the THD of the current may be about 0.30, resulting in 30%
larger copper power loss than the case with no current harmonics. The harmonics
causes high frequency flux changing, causing hysteresis (P;) and eddy current power
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losses (P). The total core losses are given by Equation (6). Equations (7) and (8) show
the hysteresis and eddy current power losses when the harmonics of the voltage are
known. [26]

PCOI’E — Pe + Ph g (kesz%mx + kth%mx) X Welght (6)
L (1) )
P /S \W1
L (E)zl @®)
Py A \Vi/) i

k. and kj, are constants, B,y is peak flux density, f is the rated frequency, weight
represents the core and copper weight, Py, P,y and V; are the hysteresis losses, eddy
current losses and the line to line output voltage respectively at the nominal condition
resistive load without harmonics. These equations show that the core losses increase
when the voltage harmonics increase. [26]
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4 PMSG with diode rectifier

In this chapter, a solution with a PMSG with diode rectifier is considered. When a diode
rectifier is used, special attention on the reactive power from the rectifier, power support
to the generator and on the low order harmonics created by the diode rectifier is needed.
The low orders harmonic can create ripple in both the torque produced by the generator
and in the power after the rectifier. The number of phases in the generator can reduce
the impact of the harmonics. Filters can also be placed between the generator and the
rectifier. A DC/DC converter is used to control the DC-link voltage, and thereby the
torque of the PM generator with diode rectifier. The DC-link voltage is controlled by
controlling the current going into the DC/DC converter. [28]

4.1 PMSG with active rectifier

A solution with a diode bridge rectifier is much simpler and more reliable than a
solution with IGBTs. However, the stator flux can not be controlled. [16] suggest that
the generator volume is almost doubled compared to using an active rectifier.

_|_

FO—HZH

Figure 20: Principal scheme of the 2MW DC wind turbine with full variable speed and
IGBT rectifier [28]

Figure 20 shows a principal scheme of a permanent magnet generator with IGBT
rectifier and a DC/DC converter. The benefit with the IGBT rectifier is that the torque
of the generator, the generator currents, stator flux and active and reactive power to
the generator can easily be controlled. Since the generator current can be controlled for
maximum torque output, the generator size, weight and cost can be minimized. It is
also easy to obtain a smooth torque, a desirable flux level in the generator and a good
quality of the DC-link voltage. [16] [28]

Any type of generator can be used since the reactive power can be controlled.
Another advantage of the IGBT rectifier is that it keeps the input voltage to the DC/DC
converter constant. The DC/DC converter can therefore be optimized because it
operates as a constant ratio DC transformer in normal operations. However, these active
rectifiers are both expensive and subject to failure. Reliability is important for offshore
applications since maintenance and repair is extremely expensive and the access to the
turbines is difficult in bad weather conditions. [16] [28]
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Figure 21: 3-level IGBT converter efficiency. [17]

Figure 21 shows the IGBT rectifier efficiency for a 50kW converter for wind power
applications. The losses is about 2% for rated power, and the efficiency of the converter
decreases when the power level decrease.

4.2 Three-phase, full bridge diode rectifier

A three-phase, full-bridge diode rectifier is shown in Figure 22. The inductors Ls is in
this case the synchronous reactance of the permanent magnet synchronous generator.
The DC-link voltage is found from Equation (9). V[ is the line-to-line induced voltage
in the generator, I; is the phase current and AV is the voltage drop on the DC-link
caused by the synchronous reactance. As seen from this equation, the DC-link voltage
will decrease when the current in the machine increase, or the current will increase
when the DC-link voltage decrease. Thereby, the DC-link voltage can be used to control
the machine current and the machine power.

3
Vd = Vdo - AVd = 1-35VLL - %wLSId (9)

4.3 PMSG with diode rectifier and series compensation

The generator could be equipped with phase compensating capacitors, in series with
the stator windings, as shown in Figure 24. If a diode rectifier is used to rectify the
power from a permanent magnet generator, the load power angle is always zero, and
can not be controlled. Figure 23 shows the phasor diagram for a series compensated
generator. The load voltage Uj,,; is in phase with the generator current I. To have a
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Figure 22: Three-phase, full-brigde rectifier [22]
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Figure 23: The phasor diagram for the series-compensated generator, drawn for one
specific compensation. [3]
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maximum power output from the generator, the current I has to be in phase with the
induced voltage Epy;. The size of the capacitor has to be chosen so that this fits for the
highest rotation speeds and the maximal power.

Series compensation has the advantage that the reactive power produced by the
compensation follows the variations in the generators reactive power consumption, as
the generator currents changes. However, the compensation level change when the
generator speed change since the inductance reactance decrease when the generator
speed decrease, and the capacitor reactance increase when the generator speed decrease.
This is shown in Equation (10). [3]

Ujosd = Epm — (]w (Lm + Lo‘) I+ RI+ L)
jwC

: (10)

= Epm — (ijI + RI + ](U_C)

Epps is the induced voltage in the generator, U, is the generator output voltage, I

is the generator current, R is the stator resistance, L, is the magnetising inductance, L
is the leakage inductance, L is the total inductance and w is the electrical frequency.

The total impedance of the generator synchronous reactance and the serie connected

capacitance is given by Equation (11). As seen, the capacitance needs to be quite high

to make the total impedance zero. If the capacitance is to low, the generator will be

overcompensated.

1 1
Xtotal = WL — wC —w <L - w_zC) (11)

)

€m 5 eg u  Had
_ — — = — Diode load
O —0
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Generator model comp. Resistances

Figure 24: The series compensated generator with diode rectifier [3]

The emf epys, shown in Figur 24, is the no-load voltage, produced by the permanent
magnets and depends on the generator speed. e;5 is the voltage induced by the air gap
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Figure 25: Phasor diagram for different compensation: A) no 0% B) half 50% C) full
100% D) overcompensated 133% [3]
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Figure 26: The maximal mechanical power as a function of speed. No compensation

(dotted), 50% compensated (dashed), 100% compensated (solid) and maximum power
output (dash-dotted) [3]
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Figure 27: The maximal mechanical power with 50% compensation at rated speed
(dashed) and power production by a wind turbine (solid) [3]

flux density. The total emf in the stator winding is es, which is proportional to the flux
linkage of the stator.

The compensation level is defined as the relative size of the generators total
inductance, w (Ls + Ly,). This is the same as the percentage of the generators reactive
power consumption which is produced by the series compensation. Figure 25 shows
phasor diagram for different compensation levels. As seen from the figure, the angle
between the induced voltage Epy and the current I decreases when the generator speed
increases. [3]

However, the compensation level change when the generator speed change, as
explained earlier. The generator reactance decreases and the capacitor reactance
increase when the generator speed decreases. Consequently, the level of compensation
increases and the generator will be overcompensated at low speed. Over compensation
will reduce the maximum power production for low speed in the same way as under
compensation for high generator speeds. As mention, to have a maximum power
output from the generator, the current I has to be in phase with Epys. This is equal to
100% compensation. If the generator is overcompensated (over 100% compensation),
the current I is before the induced voltage Epp;, causing the maximum power to
decrease. [3]

In Figure 26, the maximum mechanical power of the generator, as a function of
generator speed, is plotted for different compensation levels. Full compensation at
rated speed leads to the highest power at rated speed, shown as solid. However, as
the speed decreases, the maximal generator power is quickly reduced because of the
generator being more and more overcompensated. If the turbine is half compensated
at rated speed, shown as dashed, the maximal power decreases slower when the
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generator slows down. If no reactive compensation is used, the maximal power for the
highest generator speed is reduced to about half of the maximum power with reactive
compensation. [3]

Figure 27 shows the maximum mechanical power of a generator with 50%
compensation at rated power and the power produced by the wind turbine. As seen
from the figure, the power produced is lower than the maximum mechanical power for
all generator speeds. [3]

The maximum power output from the generator is achieved when the current I is in
phase with Epy;. However, it is more likely that a generator with high inductance will
be controlled to keep the absolute value of Eg equal to the absolute value of Epy. The
flux leakage of the stator is proportional to Eg so a smaller compensation level allows a
smaller generator design. In this case, the stator flux linkage equals the no-load value.
[3] 50% compensation is therefore used in the simulations.

To minimize the losses in the generator, the current and the magnetic flux should be
minimized. They are both causing losses, which is usually the main limiting factor in
large electrical machines. The core losses are much lower than the copper losses in a low
speed generator and are therefore neglected in this model. The induced voltage epy; is
assumed to be sinusoidal because the harmonics content is only a few percents of the
total voltage. This means that the current harmonics cannot contribute to the produced
power. [3]

The size of the capacitors can be changed to change the compensation level when the
rotating speed increases or decreases. This will make the power output from the turbine
as high as possible for all rotating speeds. The variations must be done in steps, and as
few steps as possible because each step increase the system costs. One possibility is to
have a 100% compensation level for rated speed. When the speed decreases to a certain
level, the size of the total capacitor increases so that the compensation level becomes
100% for this generator speed. [3]

There are two ways of connecting the capacitors: in parallel or in series. A switch is
needed to disconnect one of the capacitors. If a parallel connection is used, the second
capacitor has to be connected to increase the capacitance, since the total capacitance is
the sum of the two capacitors, as shown in Equation (12). C; has to be dimensioned for
maximal current and voltage at rated speed. C; can be dimensioned for a lower current.

Ciot =C1+Co (12)

If the capacitors are connected in series, the second capacitor has to be disconnected
to increase the capacitance, since the total capacitance is given in Equation (13). C; can
therefore be dimensioned for some lower voltage than for the alternative with parallel
connection. The current rating will be the same.

Ci-GC
G+G

The generator currents depend on whether the diode rectifier is connected to a

Crot = (13)
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voltage stiff or to a current stiff DC-link. If a current stiff DC-link is used, the current
going into the generator will be nearly square, resulting in harmonics and lower
maximum power output. Itis only the fundamental current component which produces
active power while the limited rated current is the rms-value of the current, including
the harmonics. Therefore the harmonics should be reduced to increase the maximal

power output and reduce the losses.
Jali l/ Wi

/

Figure 28: Phase diagram for series connected capacitors

Figure 28 shows the phase diagram for a PMSG with series connected capacitors. It
is assumed that all currents and voltages are sinusoidal; no harmonics appears. As seen
from the figure, the angle between the induced voltage and the generator current can
be reduced by selecting a suitable value of the capacitor. If the capacitance is to low, the
induced voltage will have a negative angle compared to the generator current, and the
system will be overcompensated.

Equations (14) to (18) are used to calculate the generator current as a function of the
output voltage. In Equations (14) and (15) the real and imaginary part of the induced
voltage E; is found from the phase diagram. This is used to find the absolute value of
E in (16). A second order expression for the generator current [ is found in Equation
(17) and the generator current is expressed in Equation (18).

Efr=U+RI (14)

Efim = XI (15)

E} = E?, + E} . (16)
(R+wL) >4 2RUI+U? -~ E?>=0 (17)

—2UR + \/(2u1<)2 4 (R + w,L) (U2 — EpM?)
2(R+ w,lL)

(18)
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Some simple tests using these equations are performed in MatLab. The machine
data for the 55kW PMSG in “Vindlabben “is used. These are shown in Table 6. The
result is shown in Figures 29, 31 and 30. All voltages and currents are assumed to be
sinusoidal. When a diode rectifier is used, this will not be the case. The DC-link voltage
is also assumed to be proportional to the voltage on the input of the diode rectifier.
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Figure 29: Maximum power [W] with respectively load voltage [V] and generator
current [A] as a function of capacitor size

Figure 29 shows the maximum power output with respectively load voltage and
generator current for increasing capacitor size. If the capacitor is less than 2300uF, the
generator is overcompensated at a generator frequency at 50Hz. If the capacitor is larger,
the generator is undercompensated, as wanted. For a capacitor size of about 2300uF,
the sum of the generator synchronous reactance and the reactance of the capacitor is
about zero. This will allows a very large current to flow through the generator, because
only the resistance of the generator windings limits the current. The generator power is
also high, due to the high current. The generator current can be reduced by increasing
the load voltage.

Figure 30 shows the maximum power output with respectively load voltage and
generator current as a function of generator frequency. As seen the generator power is
very low for low frequencies, however, the turbine power is also low because of the low
wind speed. The total reactance is almost zero when the generator frequency is 33Hz.

Figure 31 shows the power output and the generator current at 50Hz generator
frequency as a function of the load voltage. As seen from the figure, the current
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Figure 30: Maximum power [W] with respectively load voltage [V] and generator
current [A] as a function of generator frequency
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Figure 31: Maximum power [W] with respectively generator current [A] as a function
of load voltage
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is actually decreasing when the generator power increases. The maximum power is
reached for a relatively low load voltage.

4.4 PMSG with diode rectifier and parallel compensation
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Figure 32: Schematic diagram of PM generator system. (a) With DC-DC buck converter,
(b) With DC-DC boost converter [24]

(b)

The reactive power absorb by the permanent magnet synchronous generator could
also be compensated with conductors in parallel with the generator. Figure 32 shows
a schematic diagram for a PM generator with parallel compensated stator windings,
diode rectifier and DC-DC converter. The power limit imposed by the series reactance
leads to poor utilisation and leaves little torque margin to cope with transient torque
due to wind gusts. Therefore, some form of compensation is needed, particularly at
high speed. [32]

Use of parallel capacitors raises the power capacity, but causes increased loss. With
a parallel capacitor, the peak power capability into a resistive load is increased by the
factor given by Equation (19). This means that any desired power can be delivered with
appropriate choice of capacitors. [32]

1
1—-w?L/C
The reactive power produced by the generator in one phase is given by Equation
(20). The reactive power consumed by the capacitance per phase is given by Equation
(21). As seen from the equations, both the reactive power produced by the generator
and the reactive power consumed by the capacitor increase linearly to the generator
frequency.

(19)
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Qgen = Xgenlgen = (ULgenIZ (20)
uZ
,ph
Qcap - %;}ase - wcphaseuczup,phgse (21)

As the wind speed increase, both the generator current Io., and the capacitor voltage
Ucap,phase Will increase. The induced voltage E is proportional to the rotation speed and
the electrical frequency. This means that the capacitor has little effect at low frequencies
and speeds, but increasingly draws additional current as the frequency increases. [8]

JuLid .

z, RI JaLi
7 -
o

Figure 33: Phase diagram for parallel connected capacitators

Efn = U+ RI—XIc (22)
Efim = Rl + XI (23)
E} = E% o+ Ef i (24)
<R2 + (wL)2> 1% + 2RUI + U?E2 + w*L2C2U2202LCU2 = 0 (25)

_oRU + \/(2RU)2 —4(R2+ (wL)?) (W2E? + wiL2CUP202LCLP )
[ —

2 (R2 + (wL)Z) 2

Figure 33 and Equations (22) to (26) show how the current is found when the
generator voltage and the induced voltage is know. It is assumed that all voltage and
currents are sinusoidal. In Equations (22) and (23) the real and imaginary part of the
induced voltage E are found from the phase diagram, Figure 33. The absolute value of
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E; is found in (24) and this is used to find a second order expression for the generator
current I, Equation (25). Now the current can be found as shown in Equation (26).

Some simple calculations using the equations for parallel compensated PMSG are
also performed in MatLab. The assumptions and machine data are the same as for the
MatLab calculations of the series compensated system. The result is shown in Figures
34, 35 and 36.
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Figure 34: Maximum power [W] with respectively load voltage [V] and generator
current [A] as a function of capacitor size

Figure 34 shows the maximum power output with respectively load voltage and
generator current for increasing capacitor size. As seen, the generator voltage and
turbine power increase when the generator power increase, while the generator current
is more or less constant until the capacitor size is about 1500uF. The capacitor size used
in the laboratory is therefore chosen to be 1440uF.

Figure 35 shoes the generator power as a function of the generator voltage when the
turbine is operating at nominal speed. The generator current is decreasing when the
voltage increases, and the generator power will have a maximum when the generator
voltage is 316V.

The maximum generator power is plotted as a function of generator frequency in
Figure 36. As seen, both the generator current and generator voltage is increasing linear
to the generator frequency.

A permanent magnet synchronous generator with a diode rectifier and parallel
connected capacitors is suggested in [32]. Some simulations on the equivalent circuit
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Figure 35: Maximum power [W] with respectively generator current [A] as a function
of load voltage
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Figure 36: Maximum power [W] with respectively load voltage [V] and generator
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Figure 37: Equivalent circuit including capacitor [32]
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Figure 38: Simulated currents with capacitor [32]

shown in Figure 37 are performed. The results are shown in Figure 38; The upper graph
shows the generator current, the middle shows the current going into the diode rectifier
and the lowest shows the capacitor current. When the capacitor voltage exceeds the
DC-link voltage, the diode begins to conduct. At this point the capacitor voltage is
clamped to the DC-link voltage and the capacitor current becomes zero. The coil current
continues to flow and diverts into the DC-link. The subsequent behaviour of the current
is determined by the LR circuit and the DC and AC voltages with finite initial current.
[32]

Figure 39 shows power as a function of DC voltage for different sizes of capacitors;
OuF, 100nF, 200nF and 400pF. The lines show the simulated power and the points
show the measured power. As the size of the capacitor increases, the maximum power
output also increases. As seen from the figure, the power will increase when the DC-link
voltage increase until a certain point where the power reaches it’s maximum. When the
DC-link voltage is further increased, the current will decrease quicker than the voltage
increases, and the power output will decrease. [32] The generator is then operating
on the right side of the power curve where the generator power is decreasing with
increasing generator voltage.

The AC capacitors partly compensate the effect of the generator inductance,
resulting in higher voltage and power. However, the compensation must not be taken
too far because of the danger that resonance might leads to damaging high voltage.
The worst case is if a loss of grid connection leads to acceleration of the generator. The
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Figure 39: Power versus DC voltage for different capacitor sizes [32]
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pitch control will use some time to stop the turbine. Meanwhile, the frequency of the
generator will increase towards resonance between the generator impedance and the
capacitors. The resulting high capacitor current passing through the coil might lead to
demagnetisation of rotor modules if the capacitor or rectifier does not fail first. [32] This
problem will probably not appear in a large wind turbines due to the large moment of
inertia. The acceleration of the turbine will therefore be small before the pitch-controller
starts to reduce the speed of the turbine.

Spooner and Chen suggest in [32] that each coil in the permanent magnet
synchronous generator may be connected individually to a single-phase rectifier bridge.
This will make the complex interconnections of a three-phase winding unnecessary and
the DC-link voltage will have very little ripple because of the large number of phases.
Thereby, a DC-link filter may not be needed. [32]

4.5 Passive filters for reducing current harmonics

Passive filters can be used for reducing current harmonics. However, the passive
filters have some drawbacks. The filtering characteristics are strongly affected by the
source impedance. Due to the resonant nature of passive filters there may be unwanted
resonant interactions with the supply system. This affect can be avoided if the filters are
off-tuned or damping is added. The filter also causes additional losses. Active filters
also have also some drawbacks. It is difficult to construct a large-rated current source
with a rapid current response. They have also high initial cost and running costs. [30]

(val 7
Gl b )

T ) e

Harmonic Trap Filters

Damped Filters

Figure 40: Shunt configuration of harmonic trap filters [30]

A classical harmonic trap filter, as show in Figure 40 can be used for harmonic
elimination. The main disadvantage with this filter is that is has to be tuned for an
electrical frequency. The wind turbine rotation speed is changing with the wind speed,
and thereby also the frequency of the voltages and currents from the generator. The
trap filter can be tuned for one wind speed, but it will not work properly for other wind
speeds and rotation speeds. It is also need for one filter per harmonic which should be
filtered. The size of the inductor L, the capacitor C, and the resistor R is decided by
Equations (27) to (29). [30]
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1
ot = 5 @)
Q=20 28)
Xo= /e 29)

nf,1 is the tuned frequency in n" order of the fundamental and the Q factor is
determined by R, L and C,. The value varies from 30 to 60. Figure 40 also shows
damped filters. They provide low impedance for a wide spectrum of harmonics without
the need of subdivision of parallel branches. The behaviour of the damped filter is given

by two parameters given in Equations (30) and (31). Typical m values vary from 0.5 to
2. [30]
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Figure 41: Summary of line current THD content [30]
Figure 41 and 42 shows the total harmonic distortion for diode and thyristor rectifier

with harmonic trap filters tuned at different wind speeds. It shows that the solution
with a diode rectifier and harmonic trap filter tuned at a wind speed of 7m /s gives
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Figure 42: Summary of line to line voltage THD content [30]

the least current THD and voltage THD. The figure also shows, not surprisingly, that
the THD generated from a thyristor rectifier is larger then from a diode rectifier. The
disadvantage with the harmonic trap filters is that a lot of energy is lost in the filter.
The generator losses are about 10% lower with harmonic trap filters. However the total
losses are some higher, according to [30].
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4.6 Active shunt filter for reducing current harmonics
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Figure 43: Basic diagram of WECS with active shunt system [25]

An active shunt filter (ASF) for harmonic mitigation in wind turbines generators is
present in [25]. Figure 43 shows the basic diagram of the system. The ASF controls the
filter current to actively shape the generator current into the sinusoid. With this active
filter the THD of the generator current is reduced from 10.68% to 2.60%. The harmonic
content of the PMSG output voltage is also reduced, from 29.15% to 20.77%.
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Figure 44: Block diagram of the ASF harmonic currents calculation and vpc voltage
control [25]

The control system of the ASF is described in [25]. The block diagram of the ASF
harmonic current calculation is shown in Figure 44. The current is transformed from
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three-phase to the o — 3 frame and then to the d-q frame and i; and i, are filtered with
a low pass filter.

The DC bus nominal voltage Vpc must be greater than or equal to the line-to-line
voltage peak to actively control the current going into the filter. In order to maintain the
DC bus voltage, an amount of active current must be delivered to the ASFE. Therefore a
Pl-regulator is used to control i;. The d-q current is then transformed to the o — 3 frame
and then to three-phase current. This is compared to the actual generator current and
used as a reference to the active filter current.
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Figure 45: PWM carrier control for ASF current [25]

Figure 45 shows how the voltage source inverter is controlled. The filter reference
current is compared to the actual filter current for each of the three phases and the
switching of the IGBTs is controlled by a Pl-regulator and a PWM carrier strategy.

The filter inductance Lr and the capacitor size Cpc must be chosen properly. A
practical choice of Lr guarantees that the active filter can generate a current with a
slope equal to the maximum slope of the load current. The ability to track the desired
source current improves if the filter inductance is smaller. However, a smaller filter
inductance requires a higher switching frequency to keep the ripple in the line current
acceptably small. The capacitor size is decided based on the filter current Ir and the
maximum accepted voltage ripple Avpcyqy.- Power losses in the ASF consist of losses in
the passive parts such as the inductors and the capacitor and losses in the active parts,
the IGBTs. The simulations performed in [25] shows that the total electrical efficiency is
88.05% for the system without AFT and 84.74% with AFT. The ASF losses are 3%. The
rectifier and PMSG copper losses also increase when the AFT is used.
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5 Control systems

The swaying of an offshore floating wind turbine has to be controlled to reduce the
mechanical forces on the tower and to prevent the tower to tip. Therefore the thrust
force exerted on the blades has to be controlled. Besides the wind speed, the pitch angle
and the turbine rotating speed affects this force. Since the moment of inertia of the rotor
is quite large, the time constant of the rotation speed is also large. The rotation speed
do also affects the power coefficient ¢, of the turbine. A small difference between the
actual rotation speed and the optimal rotation speed results in a relative large decrease
in power production.

The pitch angle can be controlled much faster than the rotation speed. It is therefore
much more suitable for controlling the swaying of the wind turbine. However, the
power coefficient ¢ is also decreasing when the pitch angle differ from its ideal value.

The pitch angle should therefore be used to control the swaying of the wind turbine
and to reduce the turbine power when the turbine power exceeds the rated power. The
generator torque should be used to control the speed of the rotor. Some regulation
strategies for speed control are present in the following chapters.

5.1 Speed and torque control
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Figure 46: Wind generator power curves at various wind speeds. [7]

The turbine rotation speed is important to obtain a maximum power production.
Figure 46 shows the turbine power curves for various wind speeds. The optimal power
production line is also drawn. This is the rotation speed which gives the maximum
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output power for different wind speeds. The value of the tip-speed ratio A is constant
for all maximum power points, while the turbine rotation speed is related to the wind
speed as given in Equation (32).[7]

Vi
R
Two types of tracking algorithms (MPPT) exist; Methods based on the knowledge on

the C, (A) characteristic and methods allowing to seek the optimal operation without
knowing the turbine characteristic.

5.1.1 MPPT with knowledge of the turbine characteristic

Three different tracking algorithms for systems with known turbine characteristic will
be mention here; speed control, torque control and a diode bridge with DC-DC chopper
structure. If speed control is used, the power curve is used to find the optimal speed
reference versus power.

Tip-speed ratio control or speed control regulates the rotational speed of the
generator to maintain an optimal tip-speed ratio, A. The power curve is used to find the
optimal speed reference versus power. Both the wind speed and the rotational speed
need to be measured to calculate the tip-speed ratio. This will increase the system cost
and present difficulties in practical implementation. The optimal tip-speed ratio must
also be known. This can vary from one wind turbine to another. A PWM controlled
IGBT converter is used to control the turbine speed. [10] [4]

When torque control is used, the power curve is used to find the optimal torque
reference. Optimal torque control adjusts the generator torque to an optimal one at
different wind speed. The optimal tip-speed ratio and generator parameters are needed,
and the control precision depends on the precision of these variables. A PWM controlled
IGBT rectifier is needed. [10] [4]

The third alternative is a diode AC-DC converter linked to a DC-DC chopper.
Seeking the optimal operation can be achieved by controlling the load current by obtain
an optimal load characteristic versus the DC voltage. The DC-link voltage is directly
related to the generator electromotive forces magnitude. These forces are proportional
to the turbine speed. The configuration is simple and inexpensive, with a low cost AC-
DC converter and a minimum of sensors. [4]

According to [4], the structure including a diode converter with a DC-DC chopper is
a cheaper and simpler solution and the simulation results are quite satisfactory. Even if
the tuning of the generator is indirect and highly slower, the high inertia of the turbine
operates as a filter, filtering the wind fluctuations. The relationship between the output
current and the DC-link voltage at the output of the diode rectifier can be determined
by simulation and by experiment. This curve will include the system losses for any
operation points. [4]

Figure 47 shows the overall control scheme of the wind turbine with anemometer
sensor. The anemometer is used to find the tip-speed ratio and provides the wind
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Figure 47: Block diagram of the WECS-controlled system with anemometer [13]

power reference to the MPPT controller. The input operating DC voltage reference can
be found by comparing this reference to the turbine power. This signal is fed into the
current control loop of the CCI inverter, which control the DC-link voltage. The DC-link
voltage controls the current from the generator, and thereby the generator torque and
the generator speed. [13]

5.1.2 MPPT without knowledge of the optimal turbine characteristic

If neither the turbine characteristics nor the wind speed are supposed to be known, an
MPPT algorithm has to be implemented using operational seeking method based on
behavioural rules linked to power and speed variations. [4]

Hill-climb searching control needs no parameters and is extremely robust. However,
it works well only when the wind turbine inertia | is very small, because a large inertia
results in a slow and ineffective control. When the turbines size is growing, the inertia
of the turbines is getting larger and more kinetic energy is stored in the turbines. The
inertia affects the response time of the MPPT, which decides the yield of wind energy in
transient state. [10]

In [31] a design of a buck-boost converter circuit used to achieve the maximum
power control of wind turbine driven PMSG is described. Figure 48 shows the
schematic diagram. The PMSG is suitably controlled according to the generator speed
and thus the power from a wind turbine settles down on the maximum power point by
the proposed MPPT control method, where the wind turbine’s maximum power curve
and the information on wind velocity are not required. [31]

5.1.3 Comparison between the control strategies

According to the research present in [4], the hill-climb search control is less powerful
than the others control strategies. The control strategies with knowledge about the
turbine characteristic are more efficiency than the control strategies without knowledge
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Figure 48: Schematic diagram for diode rectifier and buck-boost converter [31]

about the turbine characteristic. [4] This turbine’s maximum power curve needs to be
obtained via simulations or tests for individual wind turbines, which increases the cost
of implement. However, this strategy avoids the fluctuation in output power and is
easy to execute in practice. [10] Also, for large turbines the cost of obtaining the wind
turbine’s maximum power curve is very low compared to the total system cost.

The torque controlled MPPT has a little bit better efficiency than for the speed control
and the ripples in power and torque are also less. Also, the speed controller is sensitive
for high values of inertia and its dynamic must be sufficiently slow to avoid the system
to be unstable, particularly during star-up transients. The torque controller is also more
simple and robust.

5.2 Fixed DC-link voltage

In this case, the DC-link voltage of the inverter is fixed at a targeted optimum wind
speed, typically optimised knowing the Weibull distribution for wind speed on the site.
Since the DC-link voltage is constant in this case, the power output from the generator
is not regulated to obtain the best rotation speed and the system efficiency will be lower
for wind speed above and below the optimum wind speed. [13]
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Rated power 55kVA  2MVA 3MVA
Rated voltage (L-L) 319V 1kV 603.5V
Rated frequency 50Hz 30Hz 29.47Hzpu

Stator winding resistance | 0.070pu  0.03pu 0.060pu
Stator leakage reactance | 0.365pu  0.4pu 0.065pu
Unsaturated reactance X; | 0.730pu  0.8pu 0.1178pu
Unsaturated reactance X; | 0.730pu  0.8pu 0.1178pu

Table 6: PMSG data for 55kW, 2MW and 3MW turbines used in the simulations

6 Modelling of the wind turbine

The power system is modelled in PSCAD/EMTDC. PSCAD is a time domain simulation
tool for studying transient behavior of electrical networks made by the Manitoba HVDC
Research Centre. PSCAD is the interface on personal computers, while EMTDC is a
powerfull program performing the simulations. [5]

6.1 Permanent magnet synchronous generator

A component model of a permanent magnet synchronous machine found in the PSCAD
library is used. In addition to the three stator windings, two additional, short-circuited
windings are included to model the effect of electromagnetic damping. These equations
is found in Chapter 3.2. The speed of the machine may be controlled directly by
inputting a positive value into the W input of the machine, and T, is the output electrical
torque. L, is the magnetising inductance, also called the air-gap inductance, and
represents the influence of the stator currents on the air gap flux density, while L is the
leakage inductance of the stator winding. In this simulation it is assumed that the value
of these two inductances is equal, as assumed in [3]. The sum of these two inductances
is called the synchronous reactance (unsaturated reactance). [2] The permanent magnets
are assumed to be placed in the air-gap. Since the permanent magnets and the air have
the same permeability, the d- and g-component of the synchronous reactance will be
the same size. [19] The generator data for the 55kW, 2MW and 3MW PMSG is shown
in Table 6. A simplified schematic figure of the PMSG, diode rectifier and DC-link
modelled in PSCAD is shown in Figure 49.

6.2 Diode rectifier

Six diodes are used to build the three-phase diode rectifier. The nominal data is found
in Table 7. The data from the IGBT’s diodes, FS450R12KE3, is used. This is the same
diodes used in the laboratory experiment, and the data is found in [23].
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Figure 49: Simplified schematic figure of the PMSG, diode rectifier and DC-link
modelled in PSCAD

Diode on resistance 0.001440Q
Diode off resistance 1e6Q)
Forward voltage drop 1V
Forward breakeover voltage 1e5V
Reverse withstand voltage le5V
Snubber resistance 5000
Snubber capacitance 0.05uF

Table 7: Diode data used in the simulations
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6.3 The inertia of the wind turbine
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Figure 50: Calculation of the rotation speed Q) in PSCAD

The moment of inertia, J, for the rotating parts of a 2 MW wind turbine with PMSG
is assumed to be 5.9 - 10%gm?. In this case the generator frequency is 30 Hz and
the nominal turbine rotating speed is 20 rpm. The values for the 3BMW turbine is
10 - 106kgm?, 30 Hz and 17 rpm. To calculate the rotation speed Q, the pu values of the
generator torque and the turbine torque have to be referred to the generator axis. The
reference generator and turbine torque is found in Equation (33). The rotating speed Q)
can be calculated as shown in Equation (34). Equation (35) shows how it is calculated in
the frequency domain. Figure 50 shows how the equation is implemented in PSCAD.

Ppy  2MW

Tgen,ref = Tturb,ref = - 20rpm 954930Nm (33)
O—ref 2 60s/min
aQ 1
ar = 7 (Tturb - Tgen) (34)
11
Q= ET (Tturb - Tgen) (35)
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6.4 Control system
6.4.1 Pitch controller

A component model of a pitch angle regulator of a wind turbine found in the PSCAD
library is used. The inputs to the model are the mechanical speed of the machine W,
and the power output of the machine P;. The output is the pitch angle of the turbine.

6.4.2 Speed controller

The DC-link voltage reference is calculated from the rotating speed and the rotating
speed reference. A Pl regulator is used to find a suitable DC-link voltage. This is shown
in Figure 51.

W ref o '? n
Speed controller

Figure 51: Speed controller

To find suitable regulator parameters, a simplified state space model (Figure 52)
and a transfer function (Equation 36) is found. The rotation speed () is assumed to
be constant. A linear relation between the DC-link power and the DC-link voltage is
found by looking at simulation results. The linearization is shown in Equation (37).

W_dc, ref F_dc T e W

W_ref * E * * * *
D 1 H‘ K [ossw ™ w [ s

MWoment of inertia
WY Flreg Integrator

Figure 52: Simplified state space model

w(s) _ 09511 _0.1276 36

h, =
! Vdc,ref (s) w Js S
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APy,
AV,

In [11], regulator parameters for different transfer functions and regulators are
suggested. The suggested parameters is found in Equation (38) and (39). w, is the
preferred bandwidth of the regulator. The fluctuations of the rotor speed reference
shows that a bandwidth of 0.5 is suitable.

k

= 1.66 (37)

1
Ky = ch =39 (38)
5
T. = — =10 39
= (39)

These values give a rather large variation in DC-link voltage and generator voltage.
K, is therefore lowered to 0.3 which makes the regulator output much smoother.

6.4.3 Calculation of optimal turbine rotation speed

Vi 7| 01953 | W ref

Figure 53: Calculation of optimal turbine rotation speed in PSCAD

The tip-speed ration is used to find the optimal turbine rotation speed, as shown
in Equation (32) and Chapter 5.1.1. The optimal tip-speed ratio is 7.812 for the 2MW
turbine. The wind speed is used to calculate the optimal turbine rotation speed. The
PSCAD implementation is shown in Figure 53.

6.4.4 Load current controller

VLR N e
Y_deref D %/ » D /\? 1+5T | lload
* F

G— .
W dc 2 linn
Load current controller

Figure 54: Load current controller
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The load current controller is used to control the current going out of the DC-link.
This current is used to control the DC-link voltage. If the load current is larger than
the current going into the DC-link, the DC-link voltage will decrease. The load current
is controlled with a quick PI-regulator and the regulator parameters are found from
testing. The current going into the DC-link is forward biased and the output is filtered.
Since the diode capacitance is relative large, the load current can be filtered without
causing voltage ripple on the DC-link. Figure 54 shows the regulator implemented in
PSCAD.

In a real turbine, the load current will be controlled by the DC/DC converter in the
turbine. A single active bridge converter, consisting of one IGBT inverter, a coupling
transformer and a passive diode rectifier are most likely to be used. The load current is
then controlled by the duty cycle of the IGBTs.
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7 Simulations and laboratory tests of a 55 kW radial

PMSG
A 55 KW PMSG with diode rectifier is tested in “Vindlabben”. The purpose of this

work has been to find the harmonic distribution in the generator current and voltage
and learn how the harmonic distribution is affected of reactive compensation.
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Figure 55: Schematic diagram of the PM generator system

Figure 55 shows the schematic diagram of the PM generator system. A picture of
the generator is shown in Figure 56. The generator is connected through the local grid 1
to a diode rectifier. This rectifier is actually an IGBT three-phase converter with diodes
in parallel with the IGBTs. No gate voltage is applied on the IGBTs, so the diodes will
carry all the current.

Cphase,A = 3Ccapacitance (40)

AC-capacitors could be connected in parallel with the generator in the local grid 1.
The capacitors are 480pF and connected in delta. Equation (40) shows that the phase
equivalent is three times as big when the capacitors are connected in delta. The per
phase equivalent capacitance is therefore 1440uF.

The size of the capacitors is chosen so that the reactive power produced by the
capacitors equals the reactive power consumed by the total inductance for rated power
and 50Hz generator frequency. This means that the generator current is in phase with
the induced voltage Epy;. The power output can therefore reach its maximum for the
rated current and the generator is fully compensated, as shown in Chapter 4.4. Since
both the reactive power produce by the capacitance and the reactive power consumed
by the generator inductance are proportional to ), the optimal capacitance size will
not be much affected by the generator frequency. However, when the generator speed
decreases, the induced voltage and the generator voltage also decreases. This means
that less reactive power is delivered from the capacitances. However, the generator
current is also reduced, so the reactive power produced by the stator windings is lower.
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Figure 56: PMSG in vindlabben
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50Hz 27.5Hz
Reactive compensation  yes no yes no
Veen 21.6% 26.4% 19.7% 21.8%
Lgen 24.6% 16.7% 16.9% 17.4%
Lio 28.7% 20.1%
Leap 73.9% 108.7%

Table 8: Measured total harmonic distribution (THD)

50Hz 27.5Hz
Reactive compensation yes no yes no
Veen 12% 30% 21% 32%
Leen 12% 20% 15% 12%

Table 9: Simulated total harmonic distribution (THD)

The DC side of the converter is connected to a DC-link capacitor and an IGBT
inverter, similar to the rectifier. The inverter is connected to a water-cooled resistive
load through local grid 2. The main purposes of the inverter are to regulate the DC-link
voltage and to generate an AC voltage so the water-cooled resistances could be used.
The resistance is not designed for DC voltage, so they can not be connected directly to
the DC-link. A V/f control is used to generate this AC voltage.

Generator current, generator voltage and diode current are measured for two
different frequencies, both with and without reactive compensation. The total harmonic
distribution is shown in Table 8. These values are calculated in MatLab. The simulated
THD values are found in Table 9. Measurements for 15.5Hz generator frequency is also
performed, but the results are not presented here because it is very similar to the case
with a generator frequency at 30Hz.

The most important of these THD values is the THD of the generator current.
As seen earlier, a high THD in the generator current causes unnecessary losses in
the generator because the harmonics of the generator current does not produce any
power, just losses. As seen from Table 8, the THD is higher for the cases with reactive
compensation when the generator frequency is 50Hz. For 27.5 Hz the THD is almost
the same for the cases with and without reactive compensation.
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7.1 Generator frequency at 50 Hz

7.1.1 Measurements with reactive compensation
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Figure 57: Measured generator voltage and generator current for 50Hz generator
frequency and with parallel connected capacitors

Figure 57 shows the measured generator phase voltage and generator current for
50Hz generator frequency and with reactive compensation. The generator is operating
at the left side of the power curve, where the power is increasing when the DC-link
voltage increases. The generator current is more or less squared, the generator voltage
is more or less triangular with some disturbances each time one of the diodes switch.
The first harmonic of the generator current is about 20° before the first harmonic of the
generator voltage. The generator can therefore deliver more active power since reactive
power is delivered to the generator.

There are large fluctuations with high frequencies in the DC-link voltage because
the DC-link capacitance is too small. The frequency of the DC-link voltage fluctuations
depends on the inverter switching frequency. The disturbances are transmitted to the
generator voltage and are found in the measurement of the generator voltage. Figure
57 has a lower sample rate than the other measurements. The voltage disturbances
are not shown in this graph since the sampling rate of the measurements is to low. If
the sampling rate had been higher, the voltage shape would look more like the other
measurements.

Figure 58 shows the measured generator, diode and capacitor current for 50Hz
generator frequency and with reactive compensation. The diode current is square wave
like for a current stiff diode rectifier. In the following this shape is tried to be explained.
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Figure 58: Measured generator, diode and capacitor current for 50Hz generator
frequency and with reactive compensation

Only one of the three upper diodes is conducting at the same time. When none of the
two diodes connected to a phase conducts, the current from the generator is going into
the capacitance causing the generator voltage to increase. When the generator voltage
reaches the DC-link voltage, the diode rectifier will start to conduct. At the same time,
another diode will stop conducting, causing the DC-link current to be quite constant.

Figure 59 shows the harmonic distribution of the generator current. As shown, the
third and fifth harmonics are most dominating. If passive filters are to be used, they are
most likely to be tuned for the third harmonic or the third and fifth harmonics. There
are also some 7.th, 9.th, 11.th, 13.th and 15.th harmonics.

7.1.2 Simulations with reactive compensation

Figures 60 and 61 show the currents, voltages and THD simulated in PSCAD/EMTDC.
In the simulation the DC-link voltage is increased from 0V to 1250V in 25sec while the
rotation speed is fixed at rated speed. In this way it is possible to se how the currents,
voltages, power, torques, THD and losses is affected by the DC-link voltage and how
the DC-link voltage can be used to control the turbine power and the rotational speed.
Figure 60 shows the generator voltage and the currents for the same generator voltage
as found in the measurements. The shape of the generator voltage is more or less as
measured. As seen, there are four voltage steps, depending on which diodes conducts.

The simulated generator current has a flat top; however the measured current is
more squared. The diode current is zero for some periods because neither of the two
diodes connected to a phase are leading. This is the case when the generator voltage
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Fourier Series Line Spectra Plot
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Figure 59: The harmonic distribution of the generator current

increases from zero. All the current from the generator is going into the capacitor. Next
the upper diode starts to conduct and the current from the generator is going directly
into the DC-link. The generator voltage increases even more, causing current to flow
into the capacitance. However, the generator current is more or less unchanged, so the
increase in generator voltage causes the diode current to decrease. When the generator
current starts to decrease, the generator voltage and the voltage over the capacitor also
start to decrease. The capacitor will therefore deliver current to the DC-link and the
diode current will be more squared than the generator current.

Generator voltage, currents, power and THD of the generator voltage and current for
increasing DC-link voltage is shown in Figure 61. When the DC-link voltage is zero, the
generator is short-circuited and the generator current is therefore high, 140A. Due to the
paralleled capacitance, the generator current will remind high when the DC-link voltage
increases. The generator power increases until the DC-link voltage reaches 650V. The
generator output power is then 75kW. The generator current is 155A, much higher than
the rated value of the generator, 99A.

The diode rectifier loss depends mainly on the diode current. Since the diode current
rms-value actually decreases when the DC-link voltage increases, the losses will be
highest for the lowest generator power. When the generator power is 75kW, the diode
rectifier loss is only about 1%.

The generator current THD increases when the DC-link voltage increases. The
measured generator current THD is 24% while the simulated THD is 12%. The
generator voltage THD is also less in the simulation, 12% instead of 21%. Some of
this difference could be explained with the fact that simulations are more ideal than
real experiments. The actual machine and capacitor data can also differ from the given
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Figure 60: Simulated generator phase voltage [kV], generator current [kA], diode
current [kKA] and capacitor phase current [kA] for 50Hz generator frequency and with
reactive compensation
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Figure 61: Simulated generator phase rms voltage [kV], diode current rms [kA],
generator current [kA], generator power [MW], DC-link power [MW], generator voltage
THD and generator current THD for increasing DC-link voltage, 50Hz generator
frequency and with reactive compensation
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values. All the simulated THD values are shown in Table 9.

The shape of the generator power curve as a function of the DC-link voltage, as
shown in Figures 61 and 70, is interesting. The power reaches a top for a certain DC-
link voltage. If the DC-link voltage is further increased, the power starts to decrease.
This is caused by the reduced diode current. Since the diode current is reduced, the
power losses in the diode converter are also decreased. However, due to the increasing
generator THD and power angle, the generator current is not decreasing. If the size
of the capacitors is reduced, the generator current rms could also be reduced, causing
lower generator losses.

When the DC-link voltage is increased above a certain level, none of the diodes are
conducting for some of the time. This causes very strange generator currents and high
current harmonics. It will also be very difficult to regulate the generator power and
torque when the turbine operates in this area. A higher rotation speed will result in a
lower turbine efficiency. The DC-link voltage must therefore be controlled very quickly
to keep the rotation speed optimal.

7.1.3 Measurements without reactive compensation
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Figure 62: Measured generator voltage and generator current for 50Hz generator
frequency and with no reactive compensation

Figure 62 shows the measured phase generator voltage and generator current for
50Hz generator frequency with no reactive compensation. The first harmonic of the
generator current is more or less in phase with the first harmonic of the generator
voltage. The maximum power output from the generator can therefore not be reached.
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Fourier Series Line Spectra Plot
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Figure 63: The harmonic distribution of the generator current

Figure 63 shows the harmonic distribution of the generator current. The 3.th, 5.th
and 7.th harmonics are dominating and need special attention.

7.1.4 Simulations without reactive compensation

Figures 64 and 65 show the result from the simulation without any reactive compensa-
tion and generator frequency at 50Hz. As seen from Figure 64 and Figure 57, the gen-
erator voltage is very similar to the measured voltage shape when the noise from the
inverter is filtered. The shape of the current differs some from the laboratory measure-
ment. The simulated current is more sinusoidal and one of the two capacitors connected
to the phase is always conducting.

Figure 65 shows that the generator current actually decreases when the DC-link
voltage increases. The voltage drop over the synchronous reactance becomes less when
the DC-link voltage increases. This allows less current to flow. The maximal generator
power at 27kW is achieved with a DC-link voltage at 240V. This is only one-third of the
maximal power achieved with reactive compensation.

Booth the THD of the generator current and the generator voltage are higher in the
simulation than in the laboratory measurements. The current THD is 20%, 3% higher
than the laboratory measurements and the voltage THD is 30%, 4% higher than the
laboratory measurements.
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Figure 64: Simulated generator phase voltage [kV], generator current [kA], diode
current [kA] and diode voltage [kV] for 50Hz generator frequency and without reactive

compensation
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Figure 65: Simulated generator phase rms voltage [kV], diode current rms [kA],
generator current [kA], generator power [MW], DC-link power [MW], generator voltage
THD and generator current THD for increasing DC-link voltage, 50Hz generator
frequency and without reactive compensation
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7.2 Generator frequency at 27.5 Hz

In direct driven wind turbines low frequency generator voltage is preferred since this
allows a smaller turbine diameter with fewer poles. Normally frequencies around 30Hz
are used. Therefore the generator has been tested for lower electrical frequency. When
the rotation speed decreases, the induced voltage also decreases. The current limit in
the stator is still the same, so a lower rotation speed results in lower power output.
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Figure 66: Measured generator Voltage and generator current for 27.5Hz generator
frequency and with reactive compensation

7.2.1 Measurements with reactive compensation

The measured generator voltage and generator current with reactive compensation for
a generator frequency at 27.5Hz are shown in Figure 66. The first harmonic of the
generator current is before the first harmonic of the generator voltage and the phase
angle is about 20°.

The measured generator, diode and capacitor currents for 27.5Hz generator
frequency with reactive compensation are shown in Figure 67. The diode current is
square shaped while the generator current is more sinusoidal.

Figure 68 shows the harmonic distribution of the generator current. The 3.th, 5.th
and 7.th harmonics are dominating and special attention should be made to these. The
other harmonics are very small.
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Figure 67: Measured generator, diode and capacitor current for 27.5Hz generator
frequency and with reactive compensation
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Figure 68: The harmonic distribution of the generator current
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Figure 69: Simulated generator phase voltage [kV], generator current [kA], diode
current [KA] and capacitor phase current [kA] for 27.5Hz generator frequency and with
reactive compensation
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Figure 70: Simulated generator phase rms voltage [kV], diode current rms [kA],
generator current [kA], generator power [MW], DC-link power [MW], generator voltage
THD and generator current THD for increasing DC-link voltage, 27.5Hz generator
frequency and with reactive compensation
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7.2.2 Simulations with reactive compensation

Figures 69 and 70 show the result from the simulation with reactive compensation and
generator frequency at 27.5Hz. As seen from Figure 69 and 66, the generator voltage is
very similar to the measured values when the noise from the inverter is filtered. The
generator current shape is also more or less similar to the laboratory measurement.
However, the special current shape is more pronounced in the laboratory measurement.
The explanation of the shape of the generator current, diode current and capacitor
current is the same as explained for 50Hz.

The generator current decreases when the DC-link voltage increases, according to
Figure 70. The capacitance value is chosen for the case with generator frequency at
50Hz and the size of the capacitors is therefore not optimal for this case. However, the
maximal power is as large as 53kW with a DC-link voltage at 500V. The simulated
current and voltage THD’s are very similar to the THD’s found in the laboratory. The
simulated values are 15% and 21% for respectively current THD and voltage THD,
while the measured values are respectively 17% and 20%.

7.2.3 Measurements without reactive compensation
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Figure 71: Measured generator voltage and generator current for 27.5Hz generator
frequency and with no reactive compensation

Figure 71 shows the measured generator voltage and generator current when the
output frequency is 27.5Hz and there is no reactive compensation. The situation is very
similar to the one shown in Figure 62. The harmonic distribution is shown in Figure 72.
The 5.th and 7.th harmonic are dominating.
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Figure 72: The harmonic distribution of the generator current

7.2.4 Simulations without reactive compensation

Figures 73 and 74 show the result from the simulation without any reactive compensa-
tion and generator frequency at 27.5Hz. When Figure 73 is compared to Figure 71, the
generator voltage is found to be more or less the same for both the simulation and the
laboratory measurement. However, the generator current differs much from the mea-
sured value. The simulated current shape is more sinusoidal and one of the two diodes
connected to one phase is always conducting.

Figure 74 shows the same as for the situation with reactive compensation; the
generator current decreases when the DC-link voltage increases. The maximal generator
output power, 23kW, appears with a DC-link voltage at 210V. The generator current
THD is 12% in the simulation while the measured value is 17%. However, the simulated
generator voltage THD, 29%, is larger than the measured value, 22%.
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Figure 73: Simulated generator phase voltage [kV], generator current [kA], diode
current [kKA] and capacitor phase current [kA] for 27.5Hz generator frequency and with
no reactive compensation
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Figure 74: Simulated generator phase rms voltage [kV], diode current rms [kA],
generator current [kA], generator power [MW], DC-link power [MW], generator voltage
THD and generator current THD for increasing DC-link voltage, 27.5Hz generator
frequency and with no reactive compensation
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7.3 Series compensated PMGS

Series compensated PMSG with diode rectifier is also simulated in PSCAD. The data
from the 55kW generator in “Vindlabben “is used. No tests in the laboratory is
accomplished because to little capacitance was obtained. However, the simulation
results shows the main problem with series compensation; very high current when the
DC-link voltage is low.

Figure 75 shows the currents, voltages and powers when the DC-link voltage
increases. A 50% series reactive compensation is used, which means that the capacitor
value is 4713uF, twice the size when 100% compensation is used. As seen from the
tfigure, the generator voltage is more or less constant, while the generator current
actually decreases when the DC-link voltage increases. The angle between the generator
current and the generator voltage is also almost 90°. This means that the generator is
delivering very much reactive power, causing high power loss in the generator. The
short circuit current of the generator is very large due to the series compensation.
Therefore the generator has to be dimension for a large current. High current can also
cause demagnetising of the permanent magnets, according to [3].

The total reactance between the induced voltage in the generator and the diode
rectifier is the sum of the synchronous reactance and the reactive compensation. The
idea of the reactive compensation is to make the total reactance smaller, or zero.
However, this causes some trouble when the DC-link voltage, and thereby the generator
power is low. In this case, there is a large voltage drop between the induced voltage and
the diode rectifier and the total reactance is low. This will cause a large current to flow.
When the turbine is rotating at nominal speed and the power is for instant 50% of the
rated power, the generator current is very much higher than necessary. This causes very
high losses in the generator, and it seems like this solution is not any god. The maximal
power is also low. A positive factor with this solution is the low current THD. This is
also seen in Figure 76. The generator current shape is very sinusoidal and the generator
voltage is not bad either.

To reduce the generator current, the generator could operate with a higher DC-link
voltage at the right side of the power curve. This will reduce the power angle. However,
the generator current THD will be high.

Figures 77 and 78 show the same information as Figures 75 and 76, but in this case the
compensation level is 100%. The same results can be found in this simulation; however
the situation is much worse. Both the generator current and voltage are very large when
the DC-link voltage and the generator power is low, causing extremely high losses in
the generator. The power factor is almost zero and the utilization of the generator is
very bad. The generator current is 12 times the rated value and the maximum generator
power is only 20kW. However, the generator voltage and current THD is very low.
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Figure 75: Simulated generator voltage [kV], generator current [kA], generator power
[MW], mechanical power [MW], DC-link power [MW], generator voltage THD and
generator current THD for increasing DC-link voltage and 50Hz with 50% series
reactive compensation
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Figure 76: Simulated generator voltage [kV], generator current [kA], diode voltage [kV]
and DC-link voltage [kV] for 50Hz with 50% series reactive compensation
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Figure 77: Simulated generator voltage [kV], generator current [kA], generator power
[MW], mechanical power [MW], DC-link power [MW], generator voltage THD and
generator current THD for increasing DC-link voltage and 50Hz with 100% series
reactive compensation
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8 Simulation of a 2 MW wind turbine with radial PMSG

8.1 Efficiency for parallel compensated PMSG, series compensated
PMSG and PMSG with ideal load

In this section, the generator current, generator voltage, DC-link voltage, generator ef-
ticiency and diode rectifier efficiency for parallel compensated PMSG, series compen-
sated PMSG and PMSG with ideal load are compared. Simulations for paralleled and
series compensated PMSG are carried out in PSCAD/EMTDC while the calculation of
the ideal voltage and currents are carried out in MatLab. The purpose of these computa-
tions is to compare parallel compensated PMSG with diode rectifier, series compensated
PMSG with diode rectifier and PMSG with active rectifier. A 2MW wind turbine is used
and the calculations are carried out for wind speeds from 5 — 12m/s. Simulations have
shown that the power losses of the generator are independent of the generator rated
voltage when the pu values are given.
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Figure 79: Generator voltage [kV], generator current [kA], DC-link voltage [kV],
generator power [MW] and DC-link power [MW] for 2MW series compensated PMSG,
nominal rotation speed and increasing DC-link voltage

Both the parallel and series compensated PMSGs are operating at the right side
of the power curve shown in Figure 79. This is necessary to achieve low generator
losses. When the generator speed is rotating at rated speed and the generator power
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needs to be lower than the maximum power, the DC-link voltage is increased. In this
way the generator voltage increases and the generator current rms decreases. The DC-
link voltage should therefore be higher than 0.75kV when the generator is rotating at
nominal speed. This will reduce the generator current and the generator losses. The
problem is that the generator current THD becomes very high as the DC-link voltage
increases. This value can be reduced by connecting a inductance to the DC-link, as
explained in Chapter 9.
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1 /
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Figure 80: Generator current, generator voltage and DC-link voltage as a function of
wind speed for series and parallel compensated PMSG with diode rectifier

Figure 80 shows the generator current rms, generator voltage rms and DC-link
voltage for the three different configurations. The generator current increases when the
wind speed increases. This relationship is necessary to keep the generator losses low for
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low wind speeds. Both the series compensated and parallel compensated generators are
operating at the right side of the power curve. This explains the relatively low currents
at low wind speeds.

As seen from the figure, the parallel compensated PMSG have the largest current.
For the low wind speeds the high generator current THD could be used to explain this.
When the wind speed is between 9 and 12m/s, the currents through the synchronous
inductance and the capacitors causes the generator voltage to rise. The reactive
power produced by the capacitors will therefore be very large and the generator is
overcompensated. This also causes large generator currents and large generator losses.
The generator current and voltage are reduced when the wind speed reaches the
nominal wind speed, 12m/s.

The generator voltage for the series compensated generator is approximately equal
to the ideal generator voltage. However, the generator current is some higher due to
the generator current THD. The voltage varies little as a function of the wind speed. A
lower variation in the step-up ratio of the DC/DC converter is therefore needed
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Figure 81: Generator efficiency and diode rectifier efficiency as a function of wind speed
for series and parallel compensated PMSG with diode rectifier

Figure 81 shows the generator and diode efficiency for the three different configu-
rations. Both the generator and diode efficiency is related to the generator current. As
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seen, the losses are largest for the situation with parallel compensated generator be-
cause the generator current is higher in this case. However, the capacitance losses are
not considered.

The figure shows that the series compensated PMSG have much smaller losses than
the parallel compensated PMSG. The diode rectifier efficiency is between 99.0 and
99.7%. However, the diode losses can be reduced by connecting diodes in parallel.
The generator efficiency is 95.5% for rated wind speed which is about 1% lower than
the ideal case. However, the losses of the capacitors are not considered. These losses are
probably much lower than the generator losses, and are neglected.

The high losses for the parallel compensated PMSG with 11m/s wind speed could
be a problem. Losses cause heat in the generator, which has to be transported away. To
solve this problem the size of the capacitances has to be adjustable so that the reactive
power production is reduced when the wind speed is between 9 and 12 m/s.
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8.2 Simulation of WECS with constant DC-link voltage

In this section, the wind turbine system is simulated in PSCAD with constant DC-link
voltage. The purpose of these tests is to find how the turbine power is affected by using
the Cluster step-up concept. In this case, the DC-link voltage will be more or less the
same for all turbines. To get a maximum turbine power, the turbine rotation speed has
to have a specific value. The best way of controlling the rotation speed is to control the
DC-link voltage. The pitch angle can also be controlled to reduce the rotation speed;
however this results in lower turbine efficiency. Also, the pitch controller is supposed
to control the swaying of the turbine.

The wind speed varies inside the wind farm and the optimal rotation speed can
therefore not be reached for all turbines. Simulations in PSCAD are accomplished to
find how much the turbine power decrease when the DC-link voltage is not optimal
compared to the ideal DC-link voltage for the specific wind speed. The average wind
speed and the local wind speeds at each turbine are assumed to be constant. The
simulations are performed with three different average wind speeds, 6m/s, 9m/s and
12m/s.

8.2.1 Parallel compensated PMSG and 91 /s average wind speed

The simulation with 9m /s wind speed is shown in Figure 82. The DC-link voltage is
1750V for all simulations, which is the ideal DC-link voltage for 9m /s wind speed. The
maximal rotation speed of the turbine is 2.1rad /s. Seven simulations are accomplished
with wind speeds from 6m/s to 12m/s. In each simulation, the rotation speed is
increased from Orad /s to 3rad /s within 30sec. If the wind speed is constant, as assumed,
the rotation speed of the turbine will be the value where the electrical torque equals the
mechanical torque. This happens after 17.7sec in Figure 82. The rotation speed is then
1.77rad /sec. Until the rotating speed reaches this value, the mechanical torque is larger
than the electrical torque. The turbine will therefore accelerate. And visa versa; when
the rotating speed is above this value, the electrical torque is larger than the mechanical,
and the turbine is slowing down. The turbine rotation speed will therefore be stabilized
at this value.

As seen from the figure, the diodes first start to conduct when the rotation speed
reaches 1.5rad/sec. This is when the induced voltage peak is larger than the DC-
link voltage. When the rotating speed increase further, booth the generators currents,
voltages, power and torque increase.
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Figure 82: Simulation with 9m /s wind speed, constant DC-link voltage and increasing
rotation speed
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8.2.2 6m/s average wind speed
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Figure 83: Rotation speed, generator current and generator voltage for increasing local
wind speed and 6m /s average wind speed

Figures 83 and 84 show the stationary situation of a specific wind turbine when the
average wind speed is 6m/s. The common DC-link voltage is in this case 1.02kV for
parallel compensated generators and 0.81kV for series compensated generators. The
rotating speed is found for each wind speed as described above. The turbine power,
generator power, generator current and generator voltage for this rotation speed is
found. The maximal turbine power is also found. This appears when the rotation speed
equals the reference rotation speed. The relationship between the turbine power and the
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Figure 84: Turbine efficiency and generator efficiency for increasing local wind speed
and 6m /s average wind speed
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maximum turbine power is calculated. This is later referred to as the turbine efficiency.

As seen from Figure 83, the rotating speed is almost constant when the local wind
speed changes. However, the generator with parallel compensating is rotating a little
faster for high wind speeds. The turbine efficiency of this turbine is therefore higher,
as shown in Figure 84. The turbine power is 100% of the maximal turbine power
when the wind speed is 6m/s. If the wind speed is 1m/s lower, the turbine power is
reduced to 96% of the maximal turbine power. If the wind speed is 2m/s lower, the
turbine power is reduced to 75% of the maximal turbine power. A larger difference
between the local wind speed and the average wind speed in the park will cause the
turbine power efficiency to decrease even more. The generator current is lower for the
series compensated generator, and the generator efficiency of this generator is therefore
highest.
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8.2.3 9m/s average wind speed
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Figure 85: Rotation speed, generator current and generator voltage for increasing local
wind speed and 9m /s average wind speed

Figures 85 and 86 show the stationary situation as a function of the local wind
speed when the average wind speed is 9m/s. The common DC-link voltage is in this
case 1.75kV for parallel compensated generators and 0.98kV for series compensated
generators. The rotation speed is decreasing very little when the wind speed is lower
than 9m /s and the turbine efficiency is therefore decreasing when the local wind speed
decreases. However, the rotation speed follows the reference speed when the wind
speed is higher and series compensation is used. This means that the turbine efficiency
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Figure 86: Turbine efficiency and generator efficiency for increasing local wind speed
and 9m /s average wind speed
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is 100% in this case, as seen from Figure 86.

The generator efficiency is low for parallel compensated PMSG for low wind speed
because of the large current. The loss of the series compensated PMSG is lower because
of the low generator current. However, the generator efficiency is higher for the parallel
compensated PMSG for high wind speeds.
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8.2.4 12m/s average wind speed
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Figure 87: Rotation speed, generator current and generator voltage for increasing local
wind speed and 12m /s average wind speed

Figures 87 and 88 show the stationary situation as a function of the local wind
speed when the average wind speed is 12m/s. The common DC-link voltage is in this
case 2.82kV for parallel compensated generators and 1.03kV for series compensated
generators.

In this case the parallel compensated generator has the highest turbine efficiency
because the generator speed is closest to the ideal rotating speed. However, the
generator current is much higher for the parallel compensated generator, so the
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Figure 88: Turbine efficiency and generator efficiency for increasing local wind speed
and 12m /s average wind speed
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generator efficiency is lower than if a series compensated generator is used.

8.2.5 Power efficiency of WECS with constant DC-link voltage
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Figure 89: Turbine and generator efficiency for constant DC-voltage control

Figure 89 shows the turbine, generator and total efficiency for 6, 9 and 12m/s
average wind speed when the DC-link voltage is constant for a whole wind farm.
The results from the sections above are used to find an estimate of the average power
efficiency due to the fact that the turbine is not rotating at ideal speed all the time. The
average generator efficiency and total efficiency (turbine and generator efficiency) is
also found. Wind data from Froya a January day in 1955 is used to find how much
the wind varies. The wind farm size is assumed to be 10km times 10km and it is
assumed that the wind uses 30min to pass the area. The average wind speed within
30 min is therefore found. The wind speed distribution within these 30 min are found
and compared to the turbine efficiency and generator efficiency. Then the average
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efficiencies within the 30 min are found. This is done for 6, 9 and 12m/s average wind
speed.

As seen from Figure 89, the turbine efficiency is highest for the parallel compensated
PMSG. However, the generator efficiency is less, so the total turbine and generator
efficiency is highest for the series compensated PMSG for 9 and 12 m/s. The efficiency
at 6 m/s is less important since only a small part of the total power is produced when
the wind speed is so low.

To find how much less the power production is when a cluster step-up configuration
is used, the total efficiency could be compared to the generator efficiency for varying
DC-link voltage, as shown in Figure 81. The generator output power is about 3% lower
when cluster step-up configuration and series compensated PMSG are used and the
wind speed is 9m/s or higher. The difference is much larger when the average wind
speed is lower. The average power loss due to the constant DC-link current is therefore
about 3 — 4%.
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9 Simulation of a 3 MW ironless PMSG

A 3MW ironless axial flux PMSG generator with diode rectifier is simulated in PSCAD.
The data is obtained from SmartMotor A/S, which currently is developing an ironless
PMSG for wind turbines. The turbines are supposed to have an efficiency at 98% and are
going to weight up to 40% less than conventional PMSG generators. [29] The generator
data is shown in Table 6. The generator efficiency is in this case 94%. Due to the little use
of iron, the synchronous reactance is very small compared to conventional permanent
magnet synchronous generators. The value of the synchronous reactance for a radial
flux PMSG is from 0.7 to 0.9 pu, while this generator has a synchronous reactance at
0.11pu. As seen in the following, the low synchronous reactance causes problems.

Figure 90 shows the currents, voltages, powers and total harmonic distribution when
the DC-link voltage increases. The generator is operating at nominal speed. The parallel
connected capacitors are chosen in such way that the reactive power produced by these
capacitors equals the reactive power produced by the synchronous reactance at rated
speed and power.

Since the synchronous reactance is small, the generator current is very high when
the DC-link voltage is low. As the DC-link voltage increases, the generator current
decreases. The rated current of the generator is 2933A. The DC-link voltage has to be
increased very much until the generator current and generator power are reduced to the
rated values. When the generator power is SMW, the current THD has increased to 64%,
which is unacceptably large. This causes additional losses. Also, the generator could be
very difficult to control when it is operating at the right side of the power curve and the
short circuit current of the generator is also very high. The capacitors do not work as
supposed, they just causes fluctuations in the generator current. Since the synchronous
reactance is low, the reactive power produced by the synchronous reactance is low and
the reactive compensation is not necessary.

Figure 91 shows the shows the same measurements as Figure 90, but without
reactive compensation. As seen, there are no principal differences between these two
tigures. However, the current THD is actually lower in this case; 51.1% when the
generator power is 3MW. The current shape is shown in Figure 92. As seen, the
generator current is zero for most of the time, which causes a high THD. The peak
of the current is also high.

The generator current THD can be lowered by installing a DC-link inductor. After
some testing, a suitable value of the inductance is found to be 1mH. The result of the
simulation is found in Figures 93 and 94. As seen from Figure 93, the generator current
THD is reduced from 54.1% to 18.6% at rated power. The generator current rms is also
reduced, from 3571A to 3342A.

The 3MW generator is also tried simulated with series compensation. However, the
capacitor needs to be very large, 772mF, due to the small synchronous reactance. This
value is too large to be simulated in PSCAD/EMTDC, and it is also probably also to
large to be used in a real turbine.
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Figure 90: Simulation of 3MW ironless PMSG with constant rotation speed, reactive
compensation and increasing DC-link voltage
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Figure 91: Simulation of 3MW ironless PMSG with constant rotation speed, no reactive
compensation and increasing DC-link voltage
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Figure 92: Phase current and phase voltage when the turbine is operating at 3SMW and
rated speed
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Figure 93: Simulation of 3MW ironless PMSG with constant rotation speed, no reactive
compensation, DC-link inductance at ImH and increasing DC-link voltage
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Figure 94: Phase current and phase voltage when the turbine is operating at SMW and
rated speed and a DC-link inductance at ImH is installed
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10 Discussion and conclusion

10.1 AC or DC offshore grid?

If the transmission distance to shore exceeds 50-100km, a DC grid solution will both
have the lowest power losses and be the best choice economically. This can be explained
with the fact that most of the DC transmission losses are related to the power converters,
while most of the AC transmission losses are related to the cables. The AC cable losses
increase very fast when the transmission distance increases, due to the reactive power
production in the cables. This decision does not depend on the power level of the wind
farm.

The transmission losses in the DC cables are small and the total transmission losses
will therefore increase slowly when the transmission distance increases. The cables
can therefore in many cases profitably be connected to a stronger point of common
connection farther away instead of the nearest grid point. This will improve the stability
of the grid.

A DC transmission system will probably be the only rational choice for offshore
floating wind turbines, due to the size of the offshore wind farms and the transmission
distance.

10.2 Series or parallel compensated PMSG?

Weight of the nacelle is an important issue for floating offshore wind turbines. Extra
weight in the nacelle causes need for a stronger tower which results in extra costs.
The lightest electrical generator solution for large wind turbines seems to be the direct-
driven permanent magnet synchronous generator. A lot of research is going on to make
the generator even lighter. A solution with asynchronous generator and gear will be
much heavier because the weight of the gear is increasing very fast when the turbine
size increases.

Due to the large synchronous reactance of the radial PMSG, some kind of reactive
compensation is needed to reach the maximum power output of the generator. When
an IGBT rectifier is used, the rectifier delivers reactive power to the generator. However,
a diode rectifier is not able to do this. The solution is to connect capacitors to the
generator, either in parallel or in series. Both methods are considered in this thesis and
both simulations in PSCAD/EMTDC and laboratory tests are used to learn how these
two methods work.

The results show that both methods have advantages and disadvantages. The
generator losses are 2 — 15% lower for series compensated generators, as shown in
Figure 81. This is caused by two main reasons. Firstly, the generator current THD is
lower because the synchronous inductance and the series connected capacitance force
one of the two diodes connected to a phase to conduct. The generator current will
therefore be more sinusoidal and more power is produced per Ampere. The solution
with parallel connected capacitors will have a larger generator current THD because the
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capacitors cause the generator current to be more squared. The diode rectifier losses are
also lower.

Secondly, the generator current rms is lower at a specific wind speed when series
connection is used. This is caused by the fact that the THD is lower, but also that
both the reactive power consumed by the synchronous reactance and the reactive
power produced by the capacitors are proportional to the squared of the generator
current. Therefore, the compensation level is independent of the generator current and
voltage. However, the power consumed by the synchronous reactance is proportional
to the frequency of the generator, while the power produced by the capacitors is
proportional to the inverse of the generator frequency. This causes the generator to be
overcompensated when the wind speed and the generator frequency decreases, which
means that too much reactive power is produced.

The compensation level of the parallel connected capacitors is no ideal either. The
capacitors are chosen to fit the rated power. When the wind speed decreases, the DC-
link voltage, and therefore the generator voltage, will decrease. The reactive power
consumed by the synchronous reactance is proportional to the squared of the generator
current, while the reactive power produced by the capacitors is proportional to the
squared of the generator voltage. As seen from Figure 80, the generator voltage is
decreasing quicker than the generator current when the wind speed decreases. This
means that the reactive power produced by the capacitors becomes larger than the
reactive power consumed by the synchronous reactance when the wind speed is
between 9 and 12 m/s. The generator is therefore overcompensated. The generator
losses can be reduced by reducing the size of the capacitors and with that the
compensation level. The DC-link voltage can also be reduced, causing generator
current, generator losses and rotation speed. However, this will result in lower turbine
efficiency.

The series connected capacitors will conduct much more current than the parallel
connected capacitors and the power losses in the capacitors will therefore be higher.
The series compensated PMSGs will also have a larger short circuit current due to the
low total reactance of the synchronous reactance and the capacitors. This also makes the
regulation of the turbine difficult. The generator has to operate at the right side of the
power curve to obtain a low generator current. If the DC-link voltage increases when
the generator operates in this area, the power decreases. Also, if the DC-link voltage
decreases too much too fast, this will cause a large current in the generator and large
generator power and torque. Hopefully this will cause the generator to retard and the
current and power will then decrease. A regulator has to handle this in a proper way.

As seen, the series compensated PMSG seems to be the best alternative, due to the
low power losses. However, special attention to the DC-link voltage regulator is needed
to avoid large currents in the generator.
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10.3 Laboratory tests of a 55kW PMSG

Measurements on a 55kW PMSG with diode rectifier is carried out in “Vindlabben”.
Simulations are also performed in PSCAD/EMTDC. The generator is operating on
the left side of the power curve in this case. The shapes of the generator current
and generator voltage are found to be approximately the same for the measurements
and the simulation. However, the generator current seems to be more squared in the
measurements. The measured and simulated current and voltage THD differ slightly.
The measured values are higher than the simulated values. The actual machine and
capacitor data can differ from the given values and this could explain the differences in
generator current shape and THD. The differences could also be related to the generator
design.

Also the generator current is found to be 5 times as high in the simulations as in
the measurements. An explanation for this is that the generator parameters could
be incorrect. The generator current is very dependent on the synchronous reactance
and resistance. A higher value of these parameters will cause the generator current to
decrease.

Both the measurements of the generator and simulations in PSCAD show that the
maximal power output is much larger when reactive compensation is used. The power
output might be about 3-4 times larger. The power output is also lower when the
generator is operating at a lower frequency.

10.4 Layouts of DC grid wind farms

Several different DC grid layouts are considered. The difference consists of where the
converters are placed, how many voltage steps are used and whether the turbines are
parallel connected or series connected.

The series connected wind turbines were proposed by Lundberg in [28]. He claims
that this solution will be 10% cheaper than the parallel connected solution because no
offshore platform is required and because the cables are cheaper. This solution includes
a DC/DC converter in each generator, which makes it possible to control each generator
individually. This solution will therefore probably work well together with a PMSG
with diode rectifier.

The other solutions include parallel connected turbines. Three alternatives are
considered; only one common DC/DC converter (cluster step-up), one DC/DC
converter in each turbine (turbine step-up) and both a DC/DC converter in each turbine
and a common DC/DC converter (two step-ups). The cable losses are neglected.

According to [27], the two step-ups solution has the highest power losses, about
4.5%. It will also be the most expensive solution because many power converters and
an offshore platform are required. Max claims in [14] that the losses can be reduced to
2.2% if a series parallel resonant converter is used and the variation of step-up ratio is
performed by the converters in the turbines.

The turbine step-up solution has a power loss of about 3%, according to [27]. When
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a PMSG and a diode rectifier are used, the step-up ratio of this converter needs to be
adjustable. This will probably increase the losses. An offshore platform is not required,
but the voltage level in the turbine is very high and a lot of high voltage cables are
required inside the wind park.

The cluster step-up solution requires that the DC-link voltages of all the generators
are equal. The electrical generator torque can therefore not be controlled individually
since the DC-link voltage has to be controlled for the whole wind farm. The generator
speed and the power output will therefore depend on the wind speed and the common
DC-link voltage. Simulations show that the turbine efficiency is reduced when the
wind speed differs inside the wind farm because the turbines can not be controlled
to keep the optimal rotational speed. The generator efficiency is also decreased a little.
Calculations based on the wind speed on Froya a January day in 1955 show that the
turbine efficiency is reduced 3 — 5% because of the constant DC-link voltage. However,
the DC/DC converter losses are very small, about 1%.

The two step-up solution seems to have the best total efficiency. However, this also
seems to be the most expensive solution. The cluster step-up solution is cheaper because
only one converter is needed. This can be placed on a platform where it is accessible for
maintenance almost all the time. The turbine will contain very few power components.
A simple construction increases the reliability of the turbine. The cost of the turbines
is also important. A cluster step-up solution may have a lower total efficiency, but it is
also cheaper than the two step-up solution. If the system is much cheaper, the cost per
MWh may be reduced.

10.5 Ironless PMSG with diode rectifier

A 3MW ironless PMSG is simulated in PSCAD. The main difference of these generators
is that the synchronous reactance is much smaller, just 0.11pu. This causes problems
when a diode rectifier is used because the generator current will be very large when the
DC-link voltage is low. However, the generator current is reduced to an acceptable level
when the DC-link voltage increases. The generator is then operating at the right side
of the power curve. The problem is that the current THD is unacceptably high because
the diodes only conduct for a small amount of time. The current THD can be reduced
by connecting an inductance at for instance 1mH to the DC-link. The generator current
THD is than reduced to 15 — 25%, depending on the power level.

Simulations have shown that the use of parallel connected capacitors have no
positive affects, they just cause ripples in the generator current. Series compensation
could not be used either because a very large capacitor is needed due to the low
synchronous reactance.
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10.6 Diode or IGBT rectifier?

A simple comparison between the total power losses of a PMSG with IGBT rectifier and
a PMSG with diode rectifier is performed in the following. The IGBT rectifier losses are
about 2% due to Figure 21. The generator losses will in this case be more or less the
same as the ideal case in Figure 81, because the generator flux and the generator current
can be controlled. The total losses will therefore be about 0.5% higher than if a diode
rectifier is used. The diode rectifier is also much smaller than an IGBT rectifier. This is
an advantage because less space is required in the nacelle.

A cluster step-up solution and a PMSG with IGBT rectifier could be a good solution.
The generator speed could be regulated to the optimal even if the DC-link voltage is
constant and total power loss in the system will be very low. However, the reliability
is not as good as for the PMSG with diode rectifier. To use this solution, a high voltage
PMSG and active rectifier is needed.

10.7 Further work

Costs are important when technical solutions for an offshore wind farm are to be chosen.
The cost of the different system layouts in this thesis could be investigated to find the
cheapest solution pr MWh produced power. Especially the cluster solution could be
investigated. The power efficiency of this solution is lower; however the solution is so
simple that it might be the cheapest.

It is difficult to control the electrical torque when parallel or series compensation is
used. The generator operates at the right side of the power curve and an increase of
the DC-link power instantly causes a decrease of the generator torque. The system is
nonlinear and depends on wind speed, generator rotation speed and DC-link voltage.
A proper DC-link voltage regulator has to be developed. Fluctuations in the electrical
torque could also be investigated.

Passive filters could be used to reduce the generator current THD. Different filter
layouts could be simulated to find suitable parameters and to find the power losses. It is
difficult to tune the filters because they have to work for varying generator frequencies.
Further work can be performed on calculating power losses. Active filters could also be
further investigated.

The use of diode rectifiers causes the generator current to be somewhat higher than
if an active rectifier is used. Research on how this affects the generator design and how
much this affects the weight of the generator could be performed.
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